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Motor vehicles are among the major sources of pollutants and greenhouse gases in urban areas and
a transition to “zero emission vehicles” is underway worldwide. However, emissions associated with
brake and tire wear will remain. We show here that previously unrecognized volatile and semi-volatile
organic compounds, which have a similarity to biomass burning emissions are emitted during braking.
These include greenhouse gases or, these classified as Hazardous Air Pollutants, as well as nitrogen-
containing organics, nitrogen oxides and ammonia. The distribution and reactivity of these gaseous

emissions are such that they can react in air to form ozone and other secondary pollutants with adverse
Received 17th January 2024

Accepted 3rd April 2024 health and climate consequences. Some of the compounds may prove to be unique markers of brake

emissions. At higher temperatures, nucleation and growth of nanoparticles is also observed. Regions
DOI: 10.1039/d4em00024b with high traffic, which are often disadvantaged communities, as well as commuters can be impacted by

rsc.li/espi these emissions even after combustion-powered vehicles are phased out.

Environmental significance

To mitigate climate change and improve air quality, conventional combustion-powered vehicles are being replaced by zero tailpipe emissions vehicles. We show
that in addition to well-documented emissions of particles, automotive braking also emits a complex mixture of volatile organic gases that include Hazardous
Air Pollutants, climate active species and gases known to participate in the degradation of air quality. Thus, vehicles will continue to contribute to air quality and

climate problems once tailpipe emissions are eliminated.

Introduction

The inextricably intertwined issues' of air quality and climate
change present major threats and challenges globally, espe-
cially to vulnerable communities. Since the start of the indus-
trial revolution and the expanding use of fossil fuels,
atmospheric concentrations of carbon dioxide and other
greenhouse gases (GHG) such as nitrous oxide and methane
have increased dramatically.>® As global temperatures rise,
extreme weather events such as wildfires are increasing.* This
has resulted in large episodic emissions of both gases and
particles that impact air quality, health and climate.>”

Over the past five decades, tailpipe emissions of particles,
volatile organic compounds (VOC) and nitrogen oxides (NO,)
from vehicles have declined dramatically in response to
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regulations.®*** With the urgent need to address climate change,
there is a transition underway from the use of fossil fuels in
vehicles to what are termed zero emission vehicles (ZEV). For
example, both the European Union and California have banned
the sale of new gasoline-fueled vehicles starting in 2035.
However, these will not truly be ZEV since there will be
continued emissions of both particles and gases from brakes
and tires, as well as resuspension of road dust; it has been
suggested that these vehicles actually be designated ZEEV for
“zero exhaust emission vehicles”.*?

Indeed, with the dramatic reduction in tailpipe emissions
over the years, particle emissions from brakes and tires**** are
now thought to be about equal by mass to those from tailpipes*®
in developed regions of the world. These have the potential to
impact visibility and climate through scattering incoming solar
radiation and altering cloud formation and properties, as well
as having deleterious effects on humans and ecosystems.*>**>°
The impacts of particle emissions fall disproportionately on
socioeconomically disadvantaged communities,>*®** often
described as environmental justice (EJ) communities, many of
which are in heavily trafficked areas either close to major

This journal is © The Royal Society of Chemistry 2024
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roadways or large distribution centers that have heavy truck
traffic. In addition, commuters will continue to be exposed to
these emissions.** In recent Los Angeles area studies, 21% of
the oxidative potential of PM, 5 was attributed to brake and tire
emissions, and both PM, s mass and the oxidative potential
exposures increased in socioeconomically disadvantaged
communities.****

While there is an accelerating transition to EVs, there is no
agreement on the magnitude of the changes in non-exhaust
emissions that will result. For example, the use of regenera-
tive braking decreases brake emissions but the heavier weight
due to the batteries leads to increased emissions.*****3% It is
noteworthy that the use of autonomous vehicles is expected to
increase these emissions since their algorithms require more
frequent braking.™

While particles associated with non-tailpipe sources have
been characterized in a number of studies,®***° relatively
little is known about the gases. The most relevant study is that
of Placha et al*® who measured gas phase benzene, toluene,
ethylbenzene, xylenes, polycyclic aromatic hydrocarbons and
total organic carbon along with particle composition during
braking. These results were also reported for a non-commercial
brake pad formulated for their experiments rather than
commonly used commercial brake pads.

In this study, we focus on C1-C21 volatile and semi-volatile
gases emitted during braking, including probing the relation-
ship between these gas emissions and the associated generation
and composition of particles from either ceramic or semi-
metallic brake pads used widely in the United States. Given
the previous extensive work on particle emissions,*****° we do
not include a comprehensive treatment of particles but only
those aspects that are correlated with the gas emissions. In
addition, a search for potential specific gas markers for brake
wear was carried out.

This appears to be the first report of this wide suite of VOC as
well as NO,, which individually or through well-known
secondary chemistry, are classified as Hazardous Air Pollut-
ants, are climate-active, or generate a host of pollutants** that
have deleterious impacts on human health and welfare.”* These
harmful secondary pollutants include ozone (also a GHG), nitric
acid and particles.

Materials and methods

A custom-built brake dynamometer (Fig. S1At)** was used for
these experiments. The facility employs a heavy-duty metal
working 22" lathe (Lodge & Shipley) to rotate a disc brake system
(rotor), spanning the torques and temperatures found in
normal driving conditions. The disc brake caliper is a common
model (Kodiak model 225) for which a large variety of brake
pads are commercially available. Different compositions of
brake pad linings exist and are favored in different international
markets. Two representative classes of linings were chosen for
this study that were readily available: a ceramic (Kodiak model
DBC-225) and a semi-metallic (BrakeBest model MKD289) brake
pad. The exact formulation of the linings investigated is

This journal is © The Royal Society of Chemistry 2024
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confidential and proprietary, but brake pads typically include
five crucial common components: friction material, mixed in
with binders, fillers, lubricants and reinforcement fibers.**-*¢
This results in a complex mixture of organic and inorganic
components. Semi-metallic brake pads typically have larger
amounts of steel fibers and other metals compared to ceramic
brakes'»*” while the ceramic brakes (i.e. aftermarket non-
asbestos organic brakes)*® are composed of mostly organic
materials reinforced with aramid, glass or ceramic fibers.”
These two brake types are common in the US market.*”

Braking force was applied using an electric over hydraulic
brake actuator (Hydrastar, model HBA-12) and a brake
controller (Tekonsha, model PowerTrac), the latter of which was
modified to accept computer control of braking force and time.
For the braking system, DOT3 brake fluid (O'Reilly, 72 120) was
used. The brake caliper and rotor were enclosed in an 87 L
aluminum chamber to allow for clean purge air to be delivered,
isolating emissions from surrounding ambient air. The clean
air was provided by a purge air generator (Parker-Balston, model
75-62) and was continuously introduced into the chamber via
a side-port at 35 L min . Sensors housed inside the chamber
included a relative humidity (RH) and temperature sensor
(Vaisala, model HMP-44), and infrared non-contact temperature
sensor for measuring the temperature of the rotor surface
(Omega model OS301-HT), a pressure sensor for monitoring the
pneumatic fluid pressure (AiM, model MC-327), and a torque
sensor for monitoring the torque applied to the brake caliper
(Ato, model ATO-TQS-S01). All instruments sampling VOC and
particle emissions were connected along a single axis across the
bottom section of the chamber front panel as seen in Fig. S1B.7}
Sampling lines were aluminum or copper tubing (O.D. 0.635
cm), except for the whole air sampling (WAS) canister and semi-
volatile organic compounds (SVOC) sorbent tubes, which were
Teflon. The chamber was thoroughly cleaned to remove all
particulate residues prior to each experiment.

The lathe was operated at 173 rpm, corresponding to
a driving speed of 18 miles per hour for a typical 35” passenger
vehicle wheel. Rotor rotation occurred without braking for
several minutes before the first braking regime was applied
(hereafter referred as to ‘spinning only’ conditions). The first
regime (regime 1) was representative of light braking conditions
and the second (regime 2) was representative of heavy braking
conditions. In regime 1, brake pressure was maintained at 20-
22 psi with a torque of ~120-190 N m, while in regime 2, brake
pressure was maintained at ~30-32 psi with a torque of ~200-
270 N m. In regime 2, the brake torque tends to decrease as the
brake heats up, suggesting the brake pads undergo a loss of
friction, known as brake fade.*>*® In regime 1, rotor tempera-
tures typically increased from room temperature to a maximum
temperature of 86-177 °C depending on the experiment, while
in regime 2 the temperatures were typically higher, ranging
from 164-358 °C. Light braking (regime 1) is characteristic of
urban driving, while heavy braking (regime 2) is characteristic
of rural and highway driving.** The brake torque and rotor
temperatures in the braking regimes adopted in the present
study in general compare well with those reported as typical for
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some common make and model vehicles.”> The maximum
temperatures reached in each experiment are shown in Table
S2.7 A typical set of these parameters for a given experiment for
each brake type is presented in Fig. S2.f A separate set of
experiments focused on collecting particles for toxicology
studies was also performed with the same brakes. For these, it
was necessary to run the dynamometer under regime 1 condi-
tions for extended times (3-5 h) which wore the surface of the
brake pads heavily. We report here results from six experiments
that were chosen to represent a range of conditions from new to
heavily worn brake pads.

Although some test cycles have been developed for brakes
and tires,***"* there is no universally accepted protocol. There
are a number of factors that impact emissions, including the
velocity when the brakes are first applied, the frequency and
duration of braking, and the braking power and deceleration
rate. Other factors such as the composition of the brake pads
and the use history are important as well. As seen in Fig. 1A and
C, gas emission is closely related to the rotor temperature, the
range of which is covered by both braking regimes studied here.
The intent of the present studies was not to mimic the overall
emissions from proposed test cycles, but rather to determine
whether there are significant gas emissions that have been
overlooked, how they depend on braking conditions, and how
they may impact air quality. Once universally accepted braking
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protocols have been established, the emissions as a function of
rotor temperature can be used to estimate gas emissions under
more realistic driving habits.

Offline analysis of the C1-C10 gas phase VOC was performed
using whole air sampling (WAS) with evacuated canisters fol-
lowed by multicolumn, multidetector gas chromatography.**
Multiple samples were collected at discrete regular time inter-
vals during each regime. In addition, proton-transfer reaction
mass spectrometry (PTR-MS; Ionicon Analytik, model 8000) was
used to capture the real-time evolution of VOC throughout the
experiments. Further, Tenax/Carbograph 5TD sorbent tubes
were also collected at discrete regular time intervals and
analyzed for volatile and semi-volatile compounds with vola-
tility ranging from pentane (C5) to heneicosane (C21). Addi-
tional gas measurements included carbon monoxide (CO),
nitric oxide (NO) and nitrogen dioxide (NO,) that were per-
formed using two commercial analyzers (ThermoFisher model
481 and 42C respectively). Particle size distributions were
recorded using a customized scanning mobility particle sizer
described in the ESI and an aerodynamic particle sizer (TSI
Inc., model 3936). For composition, particles were collected on
carbon coated copper grids for scanning transmission electron
microscopy (STEM) and electron dispersion spectroscopy (EDS).
Real-time measurement of submicron particle composition was

also achieved using a high-resolution aerosol mass
Semi-metallic brakes
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Fig.1 Time profile of gas phase species and particles recorded during a typical brake dynamometer experiment using the ceramic brake pad (A,
B) and the semi-metallic brake pad (C, D). Panels (A and C) show the time profiles of gas phase species including total equivalent VOC mixing
ratios measured by the PTR-MS (green trace; 1 min average; the dark green symbols highlight when the WAS canisters were collected), NO (red
trace) and NO, (blue trace) mixing ratios measured using a chemiluminescence analyzer, CO (yellow trace) mixing ratio measured using a CO
monitor as well as measured in the WAS canisters (dark yellow triangles). The rotor temperature measured during the experiment is indicated by
the grey trace. Panels (B and D) show the particle size distributions measured using a scanning mobility particle sizer (SMPS) and aerodynamic
particle sizer (APS). Rotation of the rotor occurred without braking for several minutes before the first braking regime was applied ('spinning only’
condition). Regime 1 corresponds to light braking conditions while regime 2 corresponds to heavy braking conditions. The rapid decrease of VOC
and other trace gases at the end of the experiment is observed as soon as braking stops, which is associated with a cooling of the rotor
temperature and dilution as the chamber is continuously flushed with air.
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spectrometer (AMS, Aerodyne, Inc.). More details on the
measurements can be found in the ESL ¥

Results and discussion

Fig. 1A shows, for a ceramic brake pad, the rotor temperature,
equivalent total VOC, CO, NO and NO, for regime 1, charac-
terized in this experiment by brake rotor temperatures of up to
115 °C, followed by regime 2 braking conditions. Regime 2 is
characterized by a new particle formation event (Fig. 1B) when
rotor temperatures spanned from 115-177 °C. Similar data for
semi-metallic brake pads show that even higher temperatures
are reached in regime 2 (Fig. 1C and D). Emissions of VOC, CO
and NO, increase dramatically in regime 2 for both brake types.
The actual onset of the VOC emissions reported by the PTR-MS
in regime 2 was similar to that of CO, NO and NO, as illustrated
in Fig. S5.7 The emissions recorded for the semi-metallic brake
pads as a function of temperature were somewhat delayed
compared to those of the ceramic brake pads. As noted in the
Experimental section, ceramic brake pad linings are expected to
have a higher content of organic material that may be more
prone to thermal degradation than that of the semi-metallic
brake linings. At the end of each experiment, VOC and other
trace gases decline quickly, as soon as braking stops. This
results from a combination of the rotor temperature decreasing
and a dilution effect as the chamber is being continuously
flushed with air. Note that the NO, profiles were temperature
dependent, and the semi-metallic brake produces less NO and
NO, than the ceramic brake (Fig. 1 and S6t). Emissions during
regime 1 (lower rotor temperature) were much smaller than
those encountered during regime 2, and dominated by small
carbonyls (e.g. acetaldehyde, acetone). However, in order to fully
characterize the suite of emissions, we focus hereafter on
regime 2 results as the concentrations allowed for a variety of
simultaneous accurate measurements of both gases and the
associated particles.

Particles

Size distributions in regimes 1 and 2 for ceramic brake pads are
shown in Fig. 1B and for semi-metallic pads in Fig. 1D. Rela-
tively few, large (micron-sized) particles are generated under the
light braking (regime 1), with their metal content and
morphology (Fig. S3 and S4, Table S31) similar to those reported
previously.'®6345%%  Ag  the braking intensity and rotor
temperature rise (regime 2), large numbers of small particles
ranging in size from a few to several hundred nanometers in
mobility diameter are observed. The appearance of these
nanometer sized particles corresponds to an increase in organic
gas emission in regime 2 (Fig. 1A and C). This suggests nucle-
ation is occurring that involves higher molecular mass/lower
volatility organics, perhaps with inorganic seeds such as
sulfuric acid® that are known to initiate new particle formation
in ambient air. The resulting nucleated ultrafine particles
appeared in general at critical temperatures ranging from 147-
277 °C for each brake type which is in line with a previous re-
ported range of 140-240 °C.>***”*® The only exception was the

This journal is © The Royal Society of Chemistry 2024
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experiment performed with a fresh ceramic brake (exp #77)
which had much higher VOC emissions, and hence the nucle-
ation event happened at a lower temperature (T = 128 °C).
Nucleation from vapors emitted from the brake pads was also
observed during a separate heating-only experiment where
a piece of commercial brake pad was heated step-wise up to
250 °C in a closed cell (data not shown). This supports the
hypothesis that gaseous organics emitted during braking are
responsible for forming new particles in regime 2. The detailed
processes governing these processes are the subject of current
studies.

Volatile organic compounds distribution

A total of 85 individual VOC was identified and quantified in the
WAS samples, with an additional ~20 compounds tentatively
identified for which standards were not available. One striking
observation is the relatively high amount of CO measured from
brakes (orders of magnitude above background, Fig. 1) but
surprisingly little carbon dioxide (CO,, only double the back-
ground, Fig. S77). This ratio of CO/CO, is often associated with
a low-combustion efficiency processes such as smoldering fires
and was the case for both regimes 1 and 2. Fig. 2 shows the
overall emission ratio (ER; AVOC/ACO) distribution of the VOC
measured in regime 2 classified by chemical groups. Quantita-
tive ER values and standard deviations for each individual VOC
for both types of brakes are given in Tables S4 and S5t respec-
tively. Common components include alkanes, alkenes, alkynes
and aromatic compounds as well as alcohols and carbonyls,
with a notable contribution from nitriles. Note that a significant
amount of methane was observed in both brake type experi-
ments, with ER values of 81 and 76 pptv/ppbv CO for the
ceramic and semi-metallic brakes respectively (Fig. S8; Table
S1t). Methane emission ratios observed in this study for brakes
are the same order of magnitude as that from biomass burning
(Fig. S9t1 and 3D). This potentially has important climate
implications, as methane is an important greenhouse gas.

The nature of the individual VOC is similar for both types of
brake pads, but there is some variation in the relative contri-
butions of different classes of compounds. For example, the
semi-metallic brakes emit more alkanes and less aromatic
compounds (Fig. 2). Fig. 3A presents the average emissions of
the 25 most abundant VOC measured in regime 2 as a ratio to
CO for the six experiments performed with ceramic brake pads;
similar ER data for the semi-metallic brakes are shown in
Fig. 3B, with a direct comparison between the two brakes in
Fig. 3C. It is noteworthy that a similar set of VOC have been
identified from combustion of 18 different biomass fuels
characteristic of three different regions of the U.S. (north,
southeast, southwest) under controlled laboratory conditions®
as well as in wildfire plumes (Fig. 3D and S9AY). More than half
of the top 25 compounds from both brakes are also in the top 25
from biomass burning. In addition, smaller contributors to the
total VOC pool included furans and halogenated compounds
(dominated by CH;Cl), that are characteristic of biomass
burning plumes, and whose emissions are commonly not
found in typical urban settings. Note that biomass burning

59-62
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Fig. 2 Volatile organic compound distribution. Distribution of emission ratios (relative to CO) from VOC measured simultaneously using whole
air sampling (WAS) collected in regime 2 for (A) ceramic brakes and (B) semi-metallic brakes, averaged over six brake dynamometer experiments
per brake type. Note that the alkane category does not include CH,. Additionally, the C1-C2 halogens category, dominated by CHzCl, was
omitted because its contribution was less than 0.2% for both brake types. In both panels, S-cpds = sulfur-containing compounds. Table S1 and
Fig. S8+ provide information on the experimental variability across experiments.

emissions vary by fuel and conditions such as temperature and
stage of the fire,°*** and a 1-to-1 correlation with biomass
burning is not expected; it is nonetheless intriguing that brake
emissions share such similarities with biomass burning plumes
(Fig. 3D).

Significant amounts of NO, are generated during heavy
braking (Fig. 1 and S6t) along with VOC, and their reactions in
air generate ozone (O3) and other oxidants, as well as particles.**
Both O3 and particles have climate and health impacts.>” Since
a major loss process for VOC in the atmosphere that initiates
this chemistry is the reaction with the hydroxyl (OH) radical, the
relative contributions to reactivity for individual VOC compared
to that of CO can be estimated by kou X [VOGi] /K on % [cO],
where kqy; is the second-order rate constant for the reaction of
the individual organic (VOC;) with OH (Table S6t) and ¥ oy is
the second-order rate constant for OH with CO (2.4 x 10~ "% cm?
molecule " s7'). Comparing the relative reactivities of brake
emissions, illustrated in Fig. 4A and B (with a direct comparison
in Fig. 4C), with those reported for biomass burning (Fig. 4D
and S9BT),” it is evident that a significant overlap exists
between the most reactive compounds for brake and biomass
burning emissions, with alkenes and carbonyls being major
contributors in both cases. Note that the total reactivity relative
to CO in Fig. 4A and B is somewhat higher for the brakes
compared to that of biomass burning (Fig. 4D).

Real-time analysis of the emitted gases was also carried out
using PTR-MS which detects and measures some species that
were not possible to measure by WAS. It also provides elemental
composition for individual compounds that are sufficiently
volatile to remain in the gas phase. Fig. S107 shows typical unit-
resolution mass spectra for the two types of brake pads
measured during regime 2, and the exact masses and elemental
formulae from the high-resolution mass spectra are summa-
rized in Table S7.1 A total of 93 individual ions were identified,

932 | Environ. Sci.. Processes Impacts, 2024, 26, 928-941

with most having also been previously identified in biomass
burning plumes also by PTR-MS.®%-® Of specific interest is the
detection of formaldehyde, phenol, hydrogen cyanide (HCN)
and isocyanic acid (HNCO) and a variety of nitrogen-containing
organics including pyrrole, pyridine and a series of nitriles.
Emission ratios for these VOC were estimated using the inte-
grated VOC concentrations measured by the PTR-MS at the
same times that WAS canisters were collected. These VOC were
ratioed to CO concentrations determined by WAS and averaged
across the six experiments performed for each brake pad type.
Note that VOCs associated with brake fluid vapors, which are
glycol ethers (Table S77), were often observed at the highest
temperatures, but typically not in large quantity for these
experiments. Results are presented in Fig. 5 (stippled bars for
ceramic brakes; solid colors for semi-metallic brakes), grouped
by functional classes. Ammonia (NH;), known to be present in
car exhaust,*” was also a significant contributor. A noticeable
difference between the two types of brakes is the relatively larger
concentrations and numbers of nitrogen-containing
compounds for the ceramic brake compared to the semi-
metallic brake pad emissions, likely linked to the differences
in their proprietary formulations.

Our measurements (Fig. S11A and Bf) also show small
concentrations of ethylbenzene and xylenes compared to that of
benzene for both brake types, in good agreement with Placha
et al.* 1t is evident from Fig. S117 that the ER values of ethyl-
benzene and xylenes are much smaller in brakes compared to
tailpipe emissions (Fig. S11C¥). Thus, these ratios may serve to
differentiate brake from tailpipe emissions in air. Notably, the
ratios for the BTEX family (i.e. benzene, toluene, ethylbenzene
and xylenes) from brakes, as well as acetonitrile, match fairly
well those of biomass burning samples from both laboratory
burns and wildfires (Fig. S11Df).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Average emission ratios of individual VOC (top 25) relative to CO. Average emission ratios from (A) ceramic brakes and (B) semi-metallic
brakes measured using whole air sampling (WAS) collected in regime 2, averaged over six brake dynamometer experiments per brake type and
ranked from the most abundant to the least. Error bars for emission ratios represent one standard deviation and are used to determine the
corresponding error in relative reactivity. Panel C is a direct comparison between the two brake types. Biomass burning data in panel D were
taken from Gilman et al. (2015) and represent laboratory biomass burning studies for combustion of some fuels characteristic of the north (N),
southeast (SE) and southwest (SW) regions of the United States.*® In all panels, TMB stands for trimethylbenzene.

Nitrogen compounds detected from brakes (Fig. 5) have also
been reported in biomass burning plumes.®***’%"* Some
components such as nitrogen-containing organics and phenol
will react in air to form light-absorbing aerosol particles known
as brown carbon,” also potentially impacting climate. Nitriles,
especially acetonitrile, have been suggested as markers for
biomass burning,*** and the higher concentrations from
brakes may also make them useful for tracking brake
emissions.

Brake pads contain a complex mixture of organic and inor-
ganic components, with phenolic resins as a common and

This journal is © The Royal Society of Chemistry 2024

significant constituent.*®”*”* The synthesis of these resins often
involves diisocyanates and a tertiary amine, incorporating
nitrogen and cyano groups into the brake pads.***>”> Additives
such as silicone, epoxy- and rubber resins are frequently
included.***>”® The synthetic rubbers are often derived from
acrylonitrile, and other nitrogen-containing resins based on
cyanate esters and aramid pulp, and polybenzoxazines are
common components.*>”>”® Upon decomposition, these mate-
rials are expected to release nitriles, such as acetonitrile, acry-
lonitrile and benzonitrile as major products.””””® Lastly, “green”
components and natural fibers derived from plant-based
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Fig. 4 Relative reactivity of individual VOC compounds (top 25) compared to that of CO. Relative reactivity of individual VOC from (A) ceramic
brakes and (B) semi-metallic brakes based on emission ratios determined in Fig. 3. Error bars represent one standard deviation calculated from
the error in the ER values from Fig. 3, without taking into account the error in the rate constants. Panel C is a direct comparison between the two
brake types. TMB stands for trimethylbenzene. For each brake, the total reactivity was calculated similarly to ref. 59 using total OH reactivity =

STER x kop x 2.46 x 10 molecules cm™ ppbv~?) taking into account the top 25 VOCs listed.

material (e.g. cashew nut shell liquid or cashew dust, cellulose
and lignin...) have been introduced in the formulation of brake
pads.***** The strong frictional and thermal forces in the
tribological interactions that occur at high brake pad-rotor
interface temperatures during braking®"** generate a variety of
gases that contain carbon, oxygen and nitrogen. The significant
contribution of organonitrogen compounds to the gases and
particles observed here is consistent with the presence of
nitrogenous components in brake pads. It is therefore not
surprising that the emissions from degradation of the organic
components in the brake pads have similarities to those of
biomass burning.

934 | Environ. Sci.. Processes Impacts, 2024, 26, 928-941

Furthermore, studies of the thermal decomposition of some
phenolic resins report generation of a suite of gases that were
also observed here during braking. These include phenol,
methane, ethane, ethene, propene, 1-butene, 1-pentene, aceto-
nitrile, propanenitrile, benzonitrile, HCN, NH;, hydrogen (H,)
and aromatics such as benzene, toluene and the xylenes.”>*%
Decomposition of a phenol resin was observed to start around
200 °C,”® similar to regime 2 in the present studies.

Semi-volatile organic compounds

To understand the nature of the observed new particle forma-
tion, volatile and semi-volatile organic components (SVOC) with

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Average emission ratios (ER) of VOC measured with the PTR-MS grouped by functional and structural group class for the ceramic brake
(stippled bars) and the semi-metallic brake (solid colored bars). These ER were determined during regime 2 conditions and averaged over six
dynamometer experiments per brake type. The C,H, category corresponds exclusively to unsubstituted compounds, and substituted VOC with
multiple functional groups were counted once in each appropriate functional group category. The contributions from several important VOC
with high ER are indicated in separate colors, while the rest of the compounds of a given family are represented in red. NHs almost systematically
saturated the instrument during regime 2, even with the dilution on, and was excluded from this plot. The contribution from specific brake fluid
VOC:s (i.e. glycol ethers, see Table S7t) was small during these experiments, and to keep the focus strictly on brake emission, these were not
included here. Note that some contribution of brake fluid to m/z 45 (C,H,O™) cannot be excluded.

boiling points ranging from 174 °C to 356 °C (corresponding to
C10 (decane) to C21 (heneicosane)) were measured by sampling
onto Tenax sorbent cartridges and performing thermal
desorption GC-MS analysis. In the SVOC analysis there are more
than 300 distinct peaks in the chromatograms, illustrating the
complex mixture of gases that are emitted. Fig. 6A and C
summarize the average SVOC organics (C10 and larger)
measured for both brake types under the heavy braking condi-
tions of regime 2 grouped by class (variability across experi-
ments is presented in Fig. S13A and Ct). Oxygen and nitrogen-
containing organics contribute about 48% for the semi-metallic
brakes and 41% for the semi-metallic brakes, with hydrocar-
bons responsible for most of the remainder.

If the SVOC contribute significantly to new particle forma-
tion, one might expect some relationship between their distri-
bution and those found in the newly formed particles. Thus,
particle composition was also measured simultaneously using
a high-resolution time-of-flight aerosol mass spectrometer
(AMS) and is shown grouped by compound class in Fig. 6B for
the ceramic brake and Fig. 6D for the semi-metallic brake.
These represent averages across three experiments for each
brake type with the variation across experiments given in
Fig. S13B and D.t The two types of measurements (SVOC and
AMS) show somewhat similar composition for both types of
brake pads. The largest difference is the nitrogenated species
whose contribution is larger in the particles measured by the
AMS compared to the SVOC distribution. This could indicate
that smaller, more volatile species may be trapped in the
particles as they grow quickly to >50-100 nm or may represent

This journal is © The Royal Society of Chemistry 2024

species that are not detected using the sorbent tube method.
These results also align with previous reports of complex
mixtures of higher molecular mass organic gases and particles
from brakes.**®

Environmental impacts

There are potential direct impacts of the gas emissions on
health and climate. For example, acetonitrile, acetaldehyde,
benzene, toluene, the xylenes, methanol, acrolein and phenol
are designated as hazardous air pollutants (HAP) by the U.S.
Environmental Protection Agency.*® Given that the brake
emissions are at street level, communities in high traffic areas
and commuters will continue to be exposed to toxic gases even
when the tailpipe emissions have dropped to zero. The major
emissions of VOC and SVOC from brake usage are also common
to those from biomass burning which have known impacts on
health and climate.®”**%7# Given the similarity to biomass
burning and the potential increasing usage of eco-friendly
natural fibers, fillers and binders in brake manufacturing,
emissions from “ZEEV” vehicles might be described as due to
a slow-burning, continuous wildfire, that would persist even when
tailpipe emissions are eliminated. Although brake emissions
from individual brake pads may not be as large on an absolute
scale as those from individual wildfires, brake emissions are not
episodic, but are ongoing and cumulative in urban areas.
Some of the gases associated with brake emissions, such as
directly emitted methane and ozone formed from secondary
VOC-NO, reactions, are greenhouse gases. Others such as H,
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Fig. 6 Average semi-volatile organic compound (=C) distribution and particle chemical composition measured simultaneously for ceramic or
semi-metallic brake pads under heavy braking conditions (regime 2). Mass distributions of (A) SVOC with 10 carbons and more and, (B) particle
components for ceramic brakes. Mass distributions of (C) SVOC with 10 carbons and more and (D) particle components for semi-metallic brakes.
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No sulfur-containing compounds identified in the SVOCs category, while in panels (B) and (D), sulfur compounds include C,H,S,* as well as
HS,O,* fragments. No halocarbons were identified in the SVOCs category. Fig. S131 shows data for each experiment and the corresponding

average.

measured in the present studies (Fig. S121) and reported by
others®* have an indirect effect by reacting with OH radicals in
air, reducing the OH concentration and hence increasing the
lifetimes of other species with which it reacts such as
methane.”® The H, emissions measured in these studies are
sufficiently small that they are unlikely to be important
compared to other sources,* * for example, leakage from
pipelines and storage facilities. However, as the use of H, as
a replacement fuel increases, emissions associated with brakes
should be included in the hydrogen budget.

Quantifying the contribution of brake emissions to air
quality is challenging due to the lack of unique markers. In
a number of studies,'®'>124263491.92 goyrce apportionment
techniques have been applied using different combinations of
trace metals in particles to estimate the contribution of brakes
to airborne particulate matter. While this approach is useful, it
is complicated by the number of different sources of airborne
metals, and in addition, some markers used for brake pads such
as copper are being phased out. In terms of potential gas phase

936 | Environ. Sci.: Processes Impacts, 2024, 26, 928-941

markers, acetonitrile has been suggested as a marker for
biomass burning,** and the higher concentrations from
brakes compared to exhaust also support its use as a marker of
brake emissions in the absence of wildfires. Thus, the ratio of
acetonitrile to CO in biomass burning plumes has been re-
ported as 2.01 £ 0.16 pptv/ppbv, an order of magnitude larger
than in urban air, 0.26 + 0.16 pptv/ppbv.”* In the present
studies, this ratio was 1.8 & 1.3 pptv/ppbv CO for ceramic brakes
and 5.6 £ 1.7 pptv/ppbv CO for semi-metallic brakes in regime
1. In regime 2, the ratio was 15.7 £ 3.9 pptv/ppbv CO and 7.7 +
1.0 pptv/ppbv CO for ceramic and semi-metallic brakes
respectively (Tables S4 and S5t). Other nitriles which are
emitted at lower levels such as propanenitrile, acrylonitrile and
benzonitrile may also make them useful for estimating brake
emissions. Nitriles are relatively slow to react in air (Table S67)
and lifetimes with respect to OH radicals are estimated to be on
the order of 3 to 526 days at a typical OH radical concentration
of 10° cm >,

This journal is © The Royal Society of Chemistry 2024
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Another potential marker of brake emissions is phenol.*
The phenol-to-CO ratio from brakes measured using PTR-MS
for phenol is as high as 17 pptv/ppbv CO for the semi-metallic
brake (regime 2; the value for the ceramic brakes was 3.6
pptv/ppbv CO), significantly larger than that reported from
biomass burning, 0.5-2.1 pptv/ppbv CO.** With much lower
temperatures recorded in regime 1, the phenol-to-CO ratio was
0.12 pptv/ppbv CO for the semi-metallic brake (there was no
correlation with CO for the ceramic brake). The rate constant for
OH reaction with phenol is 2.7 x 10™"" cm® molecule " s~ at
296 K.**°° Using an average OH radical concentration of 10°
cm?, the lifetime of phenol with respect to OH corresponds to
approximately 10 hours.

With continuous brake emissions that may be found near
heavily trafficked roads and the low reactivity with OH, phenol
and nitriles may be detectable. For example, previous
studies®®®” reported acetonitrile near roadsides and attributed
its source to traffic, however, acetonitrile is low in tailpipe
measurements of common light duty vehicles (Fig. S11%).%%*°
Our findings suggest that emissions from brakes may have
contributed to their observations. The key attribute of such
markers is that they are not found in significant concentrations
from modern tailpipe emissions.'*® Sampling of the exhaust of
several passenger vehicles showed that phenol was present only
at very low concentrations (Fig. S11C¥). Thus acetonitrile and
phenol may be good markers for brake emissions, and BTEX
ratios for tailpipe emissions (Fig. S11A and B¥) to provide useful
source apportionment capabilities in heavily trafficked urban
settings going forward. Future studies are needed to confirm
unique markers for brake emissions and to measure them in
urban environments so that their impacts on air quality and
climate can be quantified.

While technology such as electrostatic precipitators have
been in development to remove particulate matter emitted from
brakes, no solution has yet been proposed to reduce emissions
of gases. Elucidation and speciation of the VOC emitted will
allow mitigation strategies to be developed and implemented.
This could include, for example, solid sorbent traps that capture
the VOC before their release into the atmosphere, and/or
designing heat-resistant brake pad materials® that will
produce fewer toxic VOC.
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