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ABSTRACT: As worldwide trends move toward replacing
combustion transportation modes with electric vehicles, character-
izing non-tailpipe emissions, such as those from brake wear,
becomes increasingly important. Nitrous acid (HONO), nitryl
chloride (ClNO2), and dinitrogen pentoxide (N2O5) are important
sources of radical oxidants (e.g., •OH, •Cl, •NO3) and nitrogen
oxides (NOx) in the atmosphere, driving the chemistry that leads to
air quality degradation. Discrepancies between measurements and
model predictions indicate that there are significant unknown
sources of these species, particularly HONO, where the
contributions of different formation processes have been
controversial since the first ambient observations in the 1970s.
We report the generation of these reactive nitrogen species during
automotive braking using chemical ionization mass spectrometry configured with iodide reagent ion. Substantial HONO levels are
observed from ceramic and semi-metallic brake pads, and smaller quantities of ClNO2 and N2O5 were also detected. We propose
that HONO is formed in the hot plume emanating from the brake rotor via abstraction by NO2 of allylic and aldehyde hydrogen
atoms found in the complex mixture of volatile organic compounds emitted simultaneously. These results suggest that emissions
from automotive braking must be taken into account in urban oxidation chemistry.
KEYWORDS: non-tailpipe emissions, chemical ionization mass spectrometry, brake wear, reactive nitrogen species, nitrous acid (HONO)

■ INTRODUCTION
Reactive nitrogen species, including nitrous acid (HONO),
nitryl chloride (ClNO2), and dinitrogen pentoxide (N2O5), are
important reservoirs for key radical oxidants (e.g., hydroxyl
radicals ( •OH), chlorine radicals ( •Cl), and nitrate radicals (
•NO3)) as well as nitrogen oxides (NOx = NO + NO2) in the
atmosphere.1 These reactive nitrogen species strongly
influence tropospheric chemistry.2 For example, •OH can be
generated through the photolysis of HONO (R1)

hHONO (300 405 nm) HO NO(g) (g) (g)+ < < · +
(R1)

and subsequently react with volatile organic compounds
(VOCs) to form peroxy radicals that oxidize NO to NO2.
Photolysis of NO2 is the sole known anthropogenic source of
ozone, an air pollutant which has deleterious health effects, and
is itself a key atmospheric oxidant and greenhouse gas.1 The
presence of HONO drives this chemistry forward; in fact, •OH
generated through R1 can account for up to 55% of •OH
production during the daytime3−5 and up to 80% of •OH
production shortly after sunrise.6

Nitryl chloride (ClNO2) and dinitrogen pentoxide (N2O5)
similarly contribute to tropospheric chemistry. For example,
photodissociation of ClNO2 generates •Cl and NO2 (R2).

hClNO (300 405 nm) Cl NO2(g) (g) 2(g)+ < < · +
(R2)

The highly reactive •Cl also oxidizes organics, accelerating
photochemical ozone production,7 and initiating oxidation
processes that lead to the formation of air pollutants such as
ozone and secondary organic aerosol particles (SOA).8,9

Dinitrogen pentoxide influences tropospheric chemistry
through its role as a source of •NO3 and as both a reservoir
or a sink for atmospheric NOx. Additionally, its multiphase
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reactions with chloride on surfaces or in particles forms ClNO2
(R3).10

N O Cl ClNO NO2 5(g) (aq) 2(g) 3 (aq)+ + (R3)

Despite the major influence that these species have on
tropospheric chemistry, the formation mechanisms, heteroge-
neous chemistry, and sources of HONO, N2O5 and ClNO2 in
the atmosphere are not yet fully understood.3,11−16

For decades, the HONO budget in the atmosphere has
remained unresolved. HONO was first unambiguously
identified in the ambient atmosphere in the late 1970s.17,18

Since then, field measurements spanning decades have shown
evidence for high HONO levels across the globe in diverse
regions including urban (up to 4 ppb),6,17 forested (up to 1
ppb),19,20 and coastal environments (up to 3 ppb).21,22 There
are five currently known sources of HONO: direct emissions
from combustion processes (e.g., vehicle exhaust or biomass
burning),23,24 the gas-phase reaction of •OH with NO,
photochemically driven reactions (e.g., reaction of NO2 on
organic surfaces25 or photolysis of particulate nitrate),26,27

biological processes (e.g., emission from soil nitrite)28−30 and
the heterogeneous hydrolysis of NO2 on surfaces (R4),

31

which is accelerated when catalyzed by TiO2.
32

2NO H O HONO HNO2(g) 2 (adsorbed) (g) 3(adsorbed)+ +
(R4)

HONO levels have been repeatedly shown to build up
during the nighttime,33,34 and then quickly photolyze during
the early morning hours. Despite its short lifetime (5−10 min)
due to rapid photolysis, HONO levels remain above limits of
detection during the daytime, suggesting that there exist
constant and significant sources.21 Vertical gradient measure-
ments show that HONO mixing ratios are highest near the
ground surface,35,36 which has led many to hypothesize that
heterogeneous chemistry on surfaces such as soil37,38 or urban
grime39−41 is a significant formation pathway for HONO.
However, neither daytime nor nighttime measured HONO
levels can be explained by the current HONO formation
processes,3 indicating that unknown HONO sources remain.
Ambient levels of ClNO2 are generally highest in polluted

coastal environments (up to 2 ppb)7,42 due to the abundance
of particulate chloride from marine emissions to undergo
multiphase reactions with N2O5. During the wintertime, road
salt can also act as a source of particulate chloride,43−45 leading
to high ClNO2 levels in urban environments. Interestingly,
field measurements in urban environments without a marine
source during the summertime have also quantified significant
ClNO2 (up to 250 ppt).

46 N2O5, the main precursor to ClNO2,
is generated from the reaction of •NO3 and NO2, with the
•NO3 generated from the reaction of NO2 and O3. Overall,
ambient N2O5 levels can be quite high, particularly at night (up
to 15 ppb).47 Discrepancies remain between the measured and
modeled levels of ClNO2 generated through the reaction of
N2O5 with chloride to form ClNO2 (R3),

48 indicating that
uncertainties remain regarding its formation, such as in the
N2O5 uptake coefficient,

11−13 or that there remain unknown
sources of ambient ClNO2.
Automotive braking is a significant source of particles in

urban environments.49−51 With the national trend toward
vehicle electrification, emissions from non-tailpipe automotive
sources (e.g., brake or tire wear) are of increasing importance.
A wide body of research has been dedicated to characterizing

particle-phase emissions from brake wear,52−61 but much less
attention has been paid toward characterizing the composition
of gas-phase emissions. A recent study by Perraud et al.62

identified substantial gaseous emissions, demonstrating that
volatile and semivolatile organic compounds as well as NOx are
emitted from braking processes, and a study by Patel et al.63

showed that these gaseous emissions are reactive to
atmospheric photooxidation. In both studies, numerous
organic gases were measured, such as phenols and nitrogen-
containing organics, and their formation was hypothesized to
occur due to the degradation of the organic components of
brake pad materials. For example, a main organic component
of brake pads is phenolic resins, which act as binding
agents.64,65 In general, gas-phase emissions could originate
from thermal processes and/or secondary chemistry from these
brake materials, but this remains unclear. To our knowledge,
no previous studies have investigated the potential for
automotive braking to generate gaseous reactive nitrogen
compounds including HONO, ClNO2, or N2O5.
We present the first observations of emissions of HONO,

ClNO2 and N2O5 associated with automotive braking
simulated using a custom-built brake dynamometer equipped
with two common brake pad types: ceramic and semi-metallic.
Two braking conditions were applied, representative of light
and heavy braking conditions. Chemical ionization mass
spectrometry (CIMS) with iodide reagent chemistry was
conducted to unambiguously identify the emission of these
reactive nitrogen species. Chemistry between NO2 and VOC
occurring in the hot plume coming off the brake rotor is
hypothesized as the source of HONO. Impacts on urban
oxidation chemistry are discussed.

■ MATERIALS AND METHODS
Braking Conditions. A custom-built brake dynamometer

was used to replicate automotive braking processes, as has
been described previously.55,62,66 A photo of the dynamometer
is provided in Figure 1a. Extensive details on the dynamometer
system are provided in the Supporting Information. For these
experiments, two brake pad types were selected based on their
wide use in passenger vehicles within the United States:
ceramic (Kodiak model DBC-225) and semi-metallic (BrakeB-
est model MKD289). A list of the experiments that are
included in this study is provided in Table S1.
The custom-built dynamometer used herein is not capable

of accurately simulating real-world driving emissions given that
it is operated at a constant rotational speed and thus cannot
undergo the typical driving cycles used to estimate vehicular
emissions.67,68 For this reason, emission factors (EF) are not
an outcome of this study. Nonetheless, the dynamometer
system allowed us to reproducibly achieve braking torque and
temperature representative of real-world driving,67 operated in
a step-function manner similar to what has been done
previously.69 Two braking cycles were devised to simulate
(1) light braking conditions and (2) heavy braking conditions,
typical of passenger vehicles, as previously described by
Perraud et al.62

An overview of the torque, braking pressures, temperature of
the chamber, and temperature of the rotor in a typical
experiment (Exp. #1) is provided in Figure 1b,c. For reference,
these parameters are provided for the remaining experiments in
Figures S1−S3. The temperatures of the rotor and chamber
increase throughout the experiment due to heat generated
from repeated friction on the brake pads, with the rotor
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reaching temperatures up to ∼280 °C. Additionally, mixing
ratios of NO and NO2 were continuously measured
throughout the braking experiments using a NOx chemilumi-
nescence analyzer (Thermo Scientific, model 42C). It should
be noted that NOx analyzers based on chemiluminescence
measurements have significant interferences from a number of
other gas-phase species, notably organic gases (e.g., olefins or
alkyl nitrates),70 which are emitted in abundance during the
experiments presented herein. The NOx measurements in this
study were not corrected for these interferences, and thus
should be treated as an upper bound for NOx concentrations.
Volatile organic compounds (VOC) levels were monitored in
real-time during these experiments using proton transfer
reaction mass spectrometry (PTR-MS, Ionicon Analytik,
model 8000). During the heavier braking conditions, the
emissions from the dynamometer were diluted with various
amounts of zero air to prevent saturation of the signals and
depletion of the reagent signal. For each experiment, a total
equivalent VOC (ppb) concentration was determined using
the kinetic method following the procedure described in
Perraud et al.62 Before each experiment, the walls of the
chamber surrounding the dynamometer were cleaned to
minimize effects due to contamination from previous experi-

ments. Wall losses during experiments were not taken into
account.
CIMS Measurements. Gas-phase composition was con-

tinuously monitored throughout braking experiments using a
high-resolution time-of-flight CIMS (LTOF, Aerodyne Re-
search) configured with iodide reagent chemistry with 1 s time
resolution. A 3/8″ Teflon sampling line connected the CIMS
directly to the chamber enclosing the braking apparatus. The
CIMS was equipped with a custom-built transverse ionization
(TI) inlet, as described in detail previously.71 Briefly, chemical
ionization in the TI inlet occurs at ambient temperature and
pressure. The TI inlet contains a curtain gas flow of N2(g)
radially applied at the inlet of the mass spectrometer, which
maintains a low RH within the inlet and prevents water clusters
from forming during chemical ionization. I− reagent ions were
generated by flowing N2 over Teflon permeation cells
containing methyl iodide (99%, stabilized, Acros Organics).
The methyl iodide flow was then subsequently directed
through a polonium radioactive source (210Po, model P-2021,
NRD LLC) to generate I− before entering the CIMS inlet.
Details for analysis of CIMS results including mass calibration,
background subtraction, and flow normalization are provided
in the Supporting Information.
CIMS Calibrations. CIMS calibrations were performed for

the reactive nitrogen species included in this study (HONO,
ClNO2, and N2O5), and a detailed description of the
calibration procedure is included in the Supporting Informa-
tion. Briefly, an online system was utilized to generate HONO
for calibration,72,73 and a diagram of this system is provided in
Figure S4. The stability of the HONO generator was
confirmed by triplicate control experiments (Figure S5). The
mixing ratio of the stable HONO outflow from the generator
was determined using Fourier Transform Infrared (FTIR)
spectroscopy to be 8.9 ± 0.5 ppm from these control
experiments (Figure S6). The outflow of the HONO generator
was diluted with zero air (model 747-30, Aadco Instruments)
before entering the CIMS inlet to achieve a wide calibration
range, the details of which are provided in Table S2.
N2O5 and ClNO2 were synthesized offline for CIMS

calibration, and the details of the synthesis procedures are
provided in the Supporting Information. CIMS calibrations
were conducted by preparing a 5 L bulb with a known mixing
ratio of the analyte gas (ClNO2 or N2O5) in air (Praxair,
Ultrazero grade). Similar to the calibration with HONO, the
analyte flow downstream from the bulb was diluted with zero
air before entering the CIMS inlet to achieve a wide calibration
range. Details regarding the calibration procedure and a
diagram of the calibration setup (Figure S7) are provided in
the Supporting Information. The CIMS signal was corrected
for decay of the analyte within the bulb during the calibration
process, an example of which is provided in Figure S8. The
range of dilution flows, corresponding N2O5 or ClNO2 mixing
ratios, and resulting I(N2O5)−/I− or I(ClNO2)−/I− are
provided in Tables S3 and S4, respectively.
The CIMS was calibrated for a wide range of HONO, N2O5,

and ClNO2 mixing ratios (Figure S9), and a linear response
was observed for all three species (r2 > 0.9). The sensitivity of
CIMS for these species differs by several orders of magnitude.
For direct comparison, the linear relationship of N2O5 and
ClNO2 is plotted on the same graph in Figure S10. The
greatest response factor was observed for N2O5, which agrees
with previous research showing that N2O5 is ionized by I− at
the collision limit.74

Figure 1. Overview of brake dynamometer and experimental
conditions for a representative braking cycle. These data were
collected with ceramic brakes. Information includes (a) photo of the
dynamometer housed in 87 L chamber, (b) typical brake pressure and
torque conditions during cycles of light braking (blue background)
and heavy braking (yellow), and (c) rotor and chamber temperature
during light and heavy braking cycles.
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Control Experiments of HONO Formation from
Secondary Reactions. To investigate the potential for
HONO generation to occur through secondary processes,
organic gases from a multicomponent calibration mixture as
well as from brake emissions were reacted with NO2 in a
separate series of experiments. The details for these experi-
ments are provided the Supporting Information, including the
composition of organic gases (Tables S5 and S6). Briefly,
organic gases were collected during heavy braking with both
ceramic and semi-metallic brake pads using sorbent tubes
packed with Tenax TA and Carbograph 5TD (Markes
International, Inc.). In offline experiments, these gases were
desorbed into a 5 L glass bulb and reacted with NO2 in excess
(277 ppm) over the temperature range 65 to 76 °C, the
highest accessible temperature in this apparatus. The high
concentration of NO2 was necessary to see if it was possible to
form HONO by reactions with VOC even at the lower
temperatures associated with light braking. The formation of
HONO in the bulb was followed before and after introduction
of the VOC.

■ RESULTS AND DISCUSSION
HONO from Braking. HONO mixing ratios were

determined for both ceramic and semi-metallic brake pads
during light and heavy braking conditions (Figures 2a,b and
S11a,b). The amount of HONO measured depended on the
composition of the brake pads, braking force applied, and
temperature. During light braking conditions, the maximum
HONO levels were greater for semi-metallic than for ceramic
brake pads (Figures 2 and S11), potentially due to the higher
temperatures reached during light braking with semi-metallic
brake pads (Figures S1 and S3). The dynamics of HONO
formation were also dependent on the type of brake pad.
During light braking conditions, the amount of HONO began
to increase in the chamber nearly immediately when using
semi-metallic brakes, but only increased after ∼10 min of
braking for ceramic brake pads (Figures 2c,d). These dynamics
were found to be consistent in duplicate experiments, the data
for which are provided in Figure S11.

Overall, much higher levels of HONO were observed during
heavy braking conditions. For heavy braking, greater HONO
levels were measured from ceramic brakes than semi-metallic
(Figures 2 and S11). The dynamics of HONO formation were
again dependent on brake pad type. The rate of increase in
measured HONO levels during heavy braking was smaller for
the semi-metallic compared to the ceramic brakes. For ceramic
brake pads, HONO initially increased to a plateau after ∼7 min
of heavy braking and then rapidly increased until braking was
stopped. For semi-metallic brakes, HONO steadily increased
over the course of the heavy braking experiment.
A key difference between the heavy and light braking

conditions is the magnitude of the temperature of both the
rotor, Trotor, and the chamber, Tchamber (Figures 1c, S1b, S2b,
and S3b). Overall, higher Tchamber and Trotor conditions were
reached during the heavy braking conditions for both ceramic
and semi-metallic brake pads, trending with the greater
HONO levels during heavy braking, as shown in the color
scales of Figures S12−S15. After braking stopped, HONO
levels dropped immediately, but Tchamber and Trotor remained
high for several minutes, suggesting that emissions due to
friction processes may play a role in HONO formation.
In addition to HONO, NO and NO2 levels increased during

the experiments, indicating that NOx is formed during braking
processes as shown previously by Perraud et al.62 and
presented in Figure S16. The relationship between HONO
and NO2 during the heavy braking experiments was explored,
including the ratios of HONO

NOx
and HONO

NO2
(Table S7 and Figures

S17 and S18), and are discussed in detail in the Supporting
Information. Overall, a correlation between HONO and NO2
was observed for experiments conducted with semi-metallic
brake pads throughout the entire heavy braking period (r2 =
0.88 and 0.95 for duplicate experiments). For ceramic brake
pads, there was little correlation because of the nonlinearity (r2
= 0.52 and 0.26) between HONO and NO2 at the lower NO2
concentrations, but then a linear increase similar to that for the
semi-metallic brake pads at higher NO2 concentrations (r2 =
0.90 and 0.98). It is likely that the initial lack of dependence of

Figure 2. HONO levels during (3a) ceramic and (3b) semi-metallic braking experiments. Period of light braking is highlighted in blue and period
of heavy braking is highlighted in yellow. Inset shows an expanded view of the HONO levels during light braking conditions (3c and 3d), with the
quantification shown in units of ppt. Line on graphs represents smoothed results and shaded region represents the variation over ∼2 min average of
CIMS collection.
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HONO on NO2 at the beginning for ceramic brakes is due to
several factors such as lower rotor temperatures (Figures S2,
S3), which control both the emissions of species and the
kinetics of reactions as discussed in the following paragraphs.
In summary, these data clearly show that HONO is directly
correlated with NO2.
Nitrous acid from braking in these experiments could be

from direct emissions from the brake pads themselves, such as
from the thermal degradation of nitrogen-containing com-
pounds during heating and/or frictional processes, or formed
through secondary chemistry occurring within the plume of
gases coming off of the brake pads. It has been previously
shown that HONO from tailpipe emissions can be generated
from reactions of NO2 with organic gases in diesel combustion
exhaust.75 This was attributed to reaction (R5a), where
{CH}red represents a group of reduced organics that could
be oxidized by NO2

NO CH C HONOx2(g) red o+ + (R5a)

It is known that alkenes can react with NO2 via reversible
addition to the double bond, reaction (R5b)76−79

NO RCH CHR RCH(NO ) C(. )HR2(g) 2+ =
(R5b)

In air, the alkyl radical adds O2 and undergoes further
chemistry to generate stable oxygenated products. A third
possibility for reactions with NO2 is abstraction of a hydrogen
atom from an organic compound.

NO RH R HONO2(g) (g)+ · + (R5c)

Given the strength of typical C−H bonds (∼100 kcal
mol−1), this reaction is expected to be slow.80 However, allylic
C−H bonds (C�C−CH) and those in aldehydes (RC(O)−
H) are significantly weaker (∼85 kcal mol−1). Formation of
HONO by abstraction of allylic hydrogens in lipids was first
demonstrated by Pryor and Lightsey.81 Previous studies of
organic gases from braking show a complex suite of
semivolatile and volatile organic compounds including many
aldehydes as well as alkenes with allylic hydrogens.62 Notably,
higher VOC emissions were also observed by Perraud et al.62

during the heavy braking conditions compared to lighter
braking, as well as for ceramic compared to semi-metallic
brakes, both of which are consistent with the higher HONO
levels observed during heavy braking and for ceramic brakes in
this study. Nitric oxide and NO2 levels were monitored during
these experiments (Figure S16), and high NO2 levels were
reached during heavy braking conditions (up to ∼1800 ppb for
ceramic and ∼100 ppb for semi-metallic). In short, reactions
between NO2 and aldehydes and alkenes in brake plumes
could be the source of HONO. This is important for the
development of control strategies since removal of the organics
and NOx from braking could be more challenging than from
exhaust where catalytic converters are very effective.
To investigate whether reaction (R5c) could account for the

HONO levels measured during the heavy braking experiments,
an experiment was conducted with a sorbent tube containing a
standard mixture of alkenes which were desorbed into a heated
reaction bulb that contained NO2. While there was some
HONO initially present, likely from heterogeneous NO2
reactions, HONO increased significantly on addition of the
VOC mixture, reaching ∼1000 ppb after 6 min of reaction,

equivalent to 7 × 1010 molecules HONO cm−3 s−1 determined
from a linear regression between 0−6 min (Figure 3).

While there is a rich combustion literature on abstraction of
hydrogen from compounds such as CH4 by NO2, there are
relatively few data on allylic hydrogen abstraction by NO2 and
its temperature dependence.80,82 However, building on the
sparse data in the literature,83−85 a reasonable range of rate
constants for allylic hydrogen abstractions could be approxi-
mated for temperatures bracketing those at the rotor and in the
dynamometer chamber (75 −275 °C). This range of rate
constants is quite broad, from 1.4 × 10−20 to 1.5 × 10−16 cm3
molecule−1 s−1 depending on the structure of the VOC and the
temperature.
Using the measured rate of HONO production (7 × 1010

molecules HONO cm−3 s−1), the known NO2 concentration
(7 × 1015 molecules cm−3), and concentrations of VOC that
have allylic hydrogen atoms (7 × 1012 molecules cm−3) allows
one to estimate the effective reaction rate constant, keff, from
eq 1 as shown below. The value of keff thus derived is 2 × 10−18

cm3 molecules−1 s−1, in the midrange of the rate constants for
allylic hydrogen abstraction based on previous laboratory
measurements.83−85

t
k

d HONO
d

NO VOCeff
2

[ ] = [ ][ ]
(1)

Figure S19 shows an increase in HONO similar to that from
the standard mixture when organics from the ceramic and
semi-metallic brakes are desorbed into the reaction vessel
containing NO2. To rule out the possibility that HONO
increases are attributed to desorption from the sorbent tube,
blank experiments were conducted desorbing organic gases
collected into a bulb that did not contain NO2 (Figure S20),
which is discussed in detail in the Supporting Information. The
sorbent tubes are not 100% efficient in collecting and
desorbing all of the VOC emitted by the brakes, such that
the VOC concentration will be significantly underestimated,
precluding a quantitative analysis. However, these data clearly
show that HONO is also generated in the presence of the
brake VOC and NO2 at higher temperatures.
Overall, these results suggest that the HONO generated

from the braking experiments included in this study is formed
through the reaction of organic gases with NO2 through (R5c)
within the hot plume of gases emitted during braking. An
overview of the HONO levels compared to the NO and NO2
levels, as well as the chamber and rotor temperatures and VOC
levels for these experiments is provided in Figures S22−S25 for

Figure 3. HONO mixing ratios (ppb) from the reaction of 277 ppm
of NO2 with a standard mixture of alkenes at T = 73 °C. Solid line
represents smoothed data and shaded region demonstrates variability
of data over ∼2 min.
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experiments 1−4 encompassing both ceramic and semi-
metallic brake pads, further demonstrating the role that each
of these factors play in HONO formation. This is consistent
with the observation of Pitts et al.23 that HONO was only
present in the exhaust of vehicles without a catalytic converter.
In that case, formaldehyde and benzaldehyde, which have
abstractable hydrogens, were also detected at levels up to ∼1
ppm (other organics were not detectable with the DOAS
technique that was used).
It is possible that HONO is generated through other

pathways during these experiments in addition to (R5c), which
could explain the wide range of HONO

NO2
ratio observed (Table

S7). Heterogeneous hydrolysis of NO2 on surfaces, such as the
chamber, is also known to form HONO (R4), but this is
unlikely to be a significant contributor to the HONO
formation in our experiments based on the lack of a trend
between chamber RH and HONO, as shown in Figure S21.
Additional possible formation mechanisms for HONO include
multiphase reactions between NO2 and black carbon (i.e.,
graphite). Graphite is a large component of brake pad
material,49,86 and both black carbon and NO2 have been
shown to be emitted during braking processes.62,66,87 Future
studies should be conducted to continue to explore the
formation of HONO through braking processes.
ClNO2 and N2O5 emissions from braking. In addition to

HONO, mixing ratios for ClNO2 and N2O5 were quantified
throughout the braking experiments. In contrast to HONO,
these species were only observed at higher temperatures during
heavy braking conditions (Figure 4). For ClNO2, greater
overall levels were observed for semi-metallic brakes (Figure
4b) compared to ceramic brakes (Figure 4a). Slightly lower
mixing ratios of ClNO2 were observed in the duplicate

experiment for ceramic brake pads (Figure S26a), and similar
ClNO2 concentrations were measured in the duplicate
experiment for semi-metallic brake pads (Figure S26b). The
dynamics of ClNO2 generation depended on the brake pad
types, with ClNO2 increasing shortly after commencing the
heavy braking experiment for semi-metallic pads, but only once
reaching the highest temperature conditions after ∼30 min of
heavy braking for ceramic pads.
Much lower N2O5 levels were observed than the other

reactive nitrogen gases (Figure 4b,d Figure S26b,d). In
addition, N2O5 was only observed after ∼30 min of heavy
braking for both brake pad types. The high temperatures of the
rotor and chamber are expected to lead to some thermal
decomposition of N2O5, which may explain why the N2O5
levels are much lower than the other reactive nitrogen species
observed in this study. Overall, these results indicate that
braking is unlikely to be a significant source of atmospheric
N2O5, but perhaps is emitted in small quantities under extreme
braking conditions.
Like HONO, the N2O5 and ClNO2 could be formed

through secondary reactions in the expanding plume of gases
from the rotor. For example, ClNO2 may form from the
multiphase reaction of N2O5 with particulate chloride.

88 Future
measurements are needed to probe particulate brake emissions
for inorganic chloride to explore this pathway as a potential
mechanism of ClNO2 formation from automotive braking.

■ CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

This study demonstrates that braking processes may lead to
emissions of reactive nitrogen species, particularly HONO, at
levels sufficient to warrant further investigation of their
contribution to ambient air quality. While lower concen-

Figure 4. ClNO2 levels during braking experiments using ceramic (4a) and semi-metallic (4b) brake pads. N2O5 levels during experiments using
ceramic (4c) and semi-metallic (4d) brake pads. Blue region highlights period of light braking conditions and yellow region highlights period of
heavy braking conditions. Line on graphs represents smoothed results and shaded region represents the results from ∼2 min average of CIMS
collection.
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trations of HONO were observed during the light braking
experiments which are more characteristic of day-to-day urban
driving conditions, it should be noted that the quantities
reported in this study are for one brake pair. Typical passenger
vehicles are equipped with four friction brake pairs (one per
wheel), and multiplying the quantities observed in these
experiments by four results in substantial HONO quantities
during light braking conditions. This is certainly an over-
estimate, as our dynamometer and chamber apparatus do not
perfectly simulate real-world driving conditions, and secondary
reactions forming HONO will be accelerated at the
concentrations in the expanding plume from the brake pads.
Additionally, braking forces are ∼80% higher for front-wheels
compared to the back-wheels, adding additional uncertainty to
this calculation.89 Nevertheless, the present results indicate
that braking processes may be an overlooked contributor to
ambient HONO. This is consistent with ambient measure-
ments that suggest HONO sources are near the ground
surface35,36 and remain above detection limits in the daytime
despite its short photolysis lifetime.35 Future experiments,
particularly field measurements that monitor HONO levels
near roadways or at locations with frequent braking (e.g., traffic
stops) are necessary to constrain the contribution of
automotive braking to HONO budgets.
Much smaller mixing ratios of ClNO2 and N2O5 were

measured in this study in comparison to HONO. For over a
decade, it has been known that there exists an urban source of
ClNO2.

46 It is possible that automotive braking is a minor
contributor to ambient ClNO2. Thus, it would be beneficial to
conduct further studies into the correlations between urban
ClNO2 emissions and traffic patterns.
Given that tailpipe and non-tailpipe emissions are coemitted

during vehicle operation, it is possible that field measurements
of HONO levels previously attributed to vehicular exhaust
could actually be due to a combination of both exhaust and
braking emissions. Pitts et al.23 demonstrated that HONO can
be emitted from tailpipe sources lacking a catalytic converter,
and subsequently Winer and Biermann90 measured HONO
levels up to 15 ppb in Long Beach, California, noting that
HONO correlated well with the primary pollutants CO and
NO. From this correlation, they concluded that the HONO
was likely from combustion sources. It is possible that non-
tailpipe sources may have also contributed since CO and NO
are also emitted during braking.62 Attribution of HONO to
ambient braking processes is challenging due to simultaneous
emissions from both the tailpipe and non-exhaust emissions
during vehicle operation. However, if indeed vehicle braking is
a significant source of HONO, it can ultimately result in the
degradation of air quality. As vehicle electrification progresses,
characterizing and potentially mitigating emissions from non-
tailpipe sources will become of increasing concern for the
environment and public health. Control of gas phase brake
emissions is especially challenging, as, unlike focused tailpipe
emissions, the use of catalysts on a diffuse source could be
technically problematic.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.4c13202.

Additional experimental details for the braking simu-
lations are provided, including Table S1, listing all

experiments included in this study, and Figures S1−S3,
presenting the braking conditions (braking pressure,
torque, rotor temperature, and chamber temperature)
for the additional experiments included in this study.
Details regarding the operation of the CIMS during the
experiments are discussed, and further details are
provided regarding the calibration of the CIMS for the
reactive nitrogen species. A diagram is provided for the
HONO calibration apparatus in Figure S4. Table S2
includes details regarding the HONO and dilution flows,
HONO mixing ratio, and CIMS signal for all calibration
points. Results from control experiments conducted to
assess the stability of the HONO generation system are
presented in Figure S5, and example FTIR spectra
utilized to determine the stable mixing ratio of HONO
are included in Figure S6. Details of the synthesis of
N2O5 and ClNO2 standards are described, and a diagram
of the online calibration delivery system for ClNO2 and
N2O5 is provided in Figure S7. An example of the linear
regression of signal decay during the calibration
procedure for these analytes is provided in Figure S8.
Tables S3 and S4 provide details for the analyte flows,
dilution flows, analyte mixing ratio, and CIMS signal
response for N2O5 and ClNO2 calibrations. The results
of the calibration of CIMS for HONO, N2O5, and
ClNO2 are provided in Figure S9. A comparison of the
CIMS response factor for ClNO2 and N2O5 is shown in
Figure S10. Details regarding the control experiments
reacting organic gases with NO2 are discussed, and the
composition of organic gases collected on the sorbent
tubes for these experiments is presented in Tables S5 −
S6. Results from the duplicate experiments are discussed.
HONO mixing ratios from the duplicate experiments are
presented in Figure S11. The relationship of Tchamber and
Trotor with HONO levels is shown in Figures S12−S15.
Measurements of NO and NO2 are discussed and
presented in Figure S16. A summary of the ratios of
HONO

NOx
and HONO

NO2
for all heavy braking experiments is

discussed. Details for the ratios are presented in Table
S6 and in Figure S17. A linear regression for NO2 vs
HONO for all experiments is shown in Figure S18. The
estimation of HONO formation from the reaction of
NO2 with organic gases is discussed in detail. The results
of control experiments reacting gases collected during
heavy braking with NO2 is presented in Figure S19.
Blank experiments of organic gases from heavy braking
periods in the absence of NO2 are included in Figure
S20. A comparison of chamber RH and HONO levels is
included in Figure S21. An overview of HONO levels
compared to braking and rotor temperatures, NOx
concentrations, and VOC levels is discussed and
presented for all experiments in Figures S22−S25.
ClNO2 and N2O5 mixing ratios from the duplicate
experiments are presented in Figure S26 (PDF).
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