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� A laboratory brake dynamometer
system measured brake wear particle
emissions.

� Particle emissions were measured
during urban city driving cycles.

� Key tracers of brake wear particle
emissions include Fe, Cu, Ba, and Sb.
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To measure driving-distance-based mass emission factors for airborne brake wear particulate matter
(PM; i.e., brake wear particles) related to the non-asbestos organic friction of brake assembly materials
(pads and lining), and to characterize the components of brake wear particles, a brake wear dyna-
mometer with a constant-volume sampling system was developed. Only a limited number of studies
have investigated brake emissions under urban city driving cycles that correspond to the tailpipe
emission test (i.e., JC08 or JE05 mode of Japanese tailpipe emission test cycles). The tests were performed
using two passenger cars and one middle-class truck. The observed airborne brake wear particle
emissions ranged from 0.04 to 1.4 mg/km/vehicle for PM10 (particles up to 10 mm (in size), and from 0.04
to 1.2 mg/km/vehicle for PM2.5. The proportion of brake wear debris emitted as airborne brake wear
particles was 2e21% of the mass of wear. Oxygenated carbonaceous components were included in the
airborne PM but not in the original friction material, which indicates that changes in carbon composition
occurred during the abrasion process. Furthermore, this study identified the key tracers of brake wear
particles (e.g., Fe, Cu, Ba, and Sb) at emission levels comparable to traffic-related atmospheric
environments.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Particulate matter (PM) in the atmosphere is an important
component of air pollution that can cause adverse health effects
(Dockery and Pope, 2006). PM comprises a complex mixture of
components derived from different sources, with motor vehicle
emissions being one of the most important sources in urban areas
Ltd. This is an open access article
(Pierson and Brachaczek,1983). PM originating frommotor vehicles
is categorized based on two main sources: exhaust emissions (e.g.,
vehicle tailpipe emissions) that represent PM resulting from
incomplete fuel combustion and lubricant volatilization during the
combustion processes; and non-exhaust emissions created through
brake, tire, and general vehicle wear processes and through the
resuspension of road wear particles (Thorpe and Harrison, 2008).
Several studies using road tunnels and/or roadside environments
have shown that automotive brake abrasion dust (hereafter called
brake wear particles) is an important source of PM originating from
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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motor vehicles. Specifically, brake wear particles are estimated to
contribute 16e55% of non-exhaust traffic-related PM10 (particles
up to 10 mm in size, which pertain to the 50% cut-off aerodynamic
diameter) emissions (Harrison et al., 2013; Lawrence et al., 2013).
Temporal patterns of brake wear particles in PM2.5 emissions have
been shown to exhibit periodic behavior, with two peaks coinciding
with rush-hour traffic in street canyon traffic road tests and at an
urban background site (Dall'Osto et al., 2013). Considering the
increasingly strict controls on vehicle exhaust emissions, the rela-
tive contribution of brake wear particles will become increasingly
important in the consideration of total traffic-related PM emissions
(van der Gon et al., 2013). Furthermore, several toxicological studies
have suggested that metallic brake wear particles damage tight
junctions within the mechanisms that involve oxidative stress
(Gasser et al., 2009; Zhao et al., 2015); therefore, the important
point is not only the particle mass, but also the particle quality (e.g.
chemical composition and biological effect).

The emissions and compositions of brake wear particles vary
depending on a number of factors: (a) brake friction material pa-
rameters, for example, the contents of non-asbestos organics
(NAOs), low-alloy steel, semi-metallic components, carbon com-
posites, and rotor and drum parts (Garg et al., 2000; Sanders et al.,
2003); (b) brake assembly type, including discs, drums, assembly
sizes, surface structures, and depth of grooves (Garg et al., 2000);
and (c) vehicle operating conditions, including initial speed,
deceleration, pressure, torque, and brake temperature (Garg et al.,
2000; Iijima et al., 2007, 2008; Sanders et al., 2003). Several
studies have shown that airborne brake wear particles often differ
considerably from the bulk friction material (Kukutschov�a et al.,
2011; €Osterle et al., 2001). Studies into the mass balance mea-
surement of airborne brake wear particles following braking events
have estimated that 30e50% of generated brake wear debris be-
comes airborne (Garg et al., 2000; Sanders et al., 2003). The
remaining brakewear particles are deposited on friction surfaces or
attracted to other parts of the vehicle. It is also thought that brake
wear substances can be generated from hydrocarbons derived from
the gasification of resins in NAO frictionmaterials (Garg et al., 2000;
Inoue et al., 1990a,1990b; Sanders et al., 2003) and/or frommetallic
components that decompose under tribo-reduction, which is
defined as the reduction of metal oxides associated with friction
(Okayama et al., 2013; Varrica et al., 2013). Additionally, there is
also tribo-oxidation of metallic components (e.g., steel fibers,
copper fragments) and oxidation of the rotor/disc (Hinrichs et al.,
2011). While the quantity of emitted brake wear particles
changes depending on the history of deceleration and acceleration
under more realistic driving cycles (Hagino et al., 2015), current
brake wear particle mass emission studies are typically performed
according to initial speed/deceleration driving conditions and
brake temperatures (Garg et al., 2000; Iijima et al., 2007, 2008).
Vehicle exhaust emission-related PM has been studied and char-
acterized in the laboratory using well-defined methods. However,
brake wear particle emission measurements are both limited and
complex, particularly because they involve both mechanical abra-
sion and the resuspension of wear particles deposited on brake
friction surfaces. Therefore, further research is required to properly
determine the emissions of brake wear particles, including the
careful assessment of friction under transient driving cycles
(Hagino et al., 2015).

However, using actual vehicles and/or roadway tests may result
in PM samples that are contaminated by re-entrained road dust
and/or tire wear particles (Sanders et al., 2003). To determine the
emission factors and chemical compositions of brakewear particles
from brake pads and rotors (or lining and drum) without contam-
ination, which is important for toxicological testing of the particle-
weighted emission factor (e.g., Cheung et al., 2009), it is better to
use a brake wear particle dynamometer with an enclosing chamber
and a constant-volume sampling system (Hagino et al., 2015). In
this study, the emissions of airborne brake wear particles under
transient driving cycles were measured using brake dynamometer
measurements for commercially available automotive brake pads
and lining assemblies. Furthermore, this study also examined the
particle sizes and chemical compositions of the brake wear
particles.

2. Experimental setup

2.1. Brake dynamometer

To facilitate the quantitative determination of airborne brake
wear particle emissions, a chamber was placed around the brake
assembly and a blower used to draw a constant flow of air past the
brake assembly into the constant-volume sampling (CVS) tunnel
(Fig. 1; Garg et al., 2000; Sanders et al., 2003; Iijima et al., 2007,
2008; Hagino et al., 2015). The equipment set-up was designed to
allow for the use of two methods: one to determine the amount of
wear on the brake pad/lining based on a test procedure using the
inertia dynamometer (e.g., Japanese standard procedure for brake
dynamometer testing of brake devices in passenger cars, JASO C427,
which is essentially the same as BSL-035; Iijima et al., 2007), and
the other based on an exhaust emission/fuel economy test proce-
dure using a CVS tunnel (i.e., the Japanese Industrial Safety and
Health Association (JISHA) Technical Standards (TRIAS) Attachment
42). Additional details are described in the Supporting Information
(see “Brake Dynamometer”) and elsewhere (Hagino et al., 2015).

2.2. Operating conditions

Three types of commercially available brake assemblies were
used for the friction tests. According to a 2005e2010 survey of the
Japanese vehicle market, these three manufacturers encompassed
approximately 73% of passenger cars and 30% of trucks on the
Japanese market. Two passenger cars (vehicles I and II) were
selected for the analysis of the disc brake systems, and a middle-
class truck (GVW8t class, vehicle III) was selected for the analysis
of the drum brake systems (Table S1). Before the friction tests, the
friction surfaces were burnished to remove roughness. Further
details of the pre-conditioning are described in the Supporting
Information (see “Operating Conditions”).

The brake wear particle emission tests simulated driving on an
urban road (Garg et al., 2000). Our preliminary work showed the
importance of measuring brake wear particles emitted under a
driving pattern that represents both deceleration and acceleration
phases (Hagino et al., 2015). Therefore, measurements of airborne
brake wear particles were attempted under transient driving cycles
that represented such behavior. The brake assembly was set on the
brake dynamometer and driven according to the Japanese JC08
transient emission test cycle (for gasoline powered passenger cars)
or the Japanese JE05 transient emission test cycle (for diesel trucks;
Rakopoulos and Giakoumis, 2009; Sekimoto et al., 2013). The JC08
and JE05 cycles consisted of many series of acceleration and
deceleration phases that attempted to simulate driving on an urban
road. During the final velocity plateau (i.e., the region with a
maximum speed of 81.6 km/h for JC08 and 87.6 km/h for JE05),
driving on a highway away from an urban environment was
simulated. Fifty experiments for each brake assembly were per-
formed by conducting ten tests per day over a five-day period. The
braking frequencies and patterns of each vehicle were based on the
actual traveling conditions of the vehicle. The test vehicles for each
load weight condition were driven on a high-speed oval track
(Fig. S1) and the braking patterns and brake temperatures were



Fig. 1. Schematic of the brake dynamometer assembly and measurement instruments.

H. Hagino et al. / Atmospheric Environment 131 (2016) 269e278 271
recorded. Consequently, the deceleration control responding to the
behavior of the actual vehicle during the driving cycles was
enabled, which corresponded to the driving operation performed
by the driver at deceleration. Furthermore, the target driving torque
of the dynamo-driven brake assembly was simulated and obtained
by multiplying target total driving torque by the front/rear-braking
force distribution (BFD) ratio (Iijima et al., 2007). Previous studies
have indicated that brake temperature is an important parameter
for brake wear particle emissions (Garg et al., 2000; Sanders et al.,
2003; Iijima et al., 2007, 2008). The brake temperatures using the
dynamometer experiment were not significantly different to those
of an actual on-road vehicle test (see. 3.2 Mass Emissions).
2.3. Particulate matter collection and measurements

In most brake wear particle emission studies, brake dyna-
mometer measurements with constant-volume sampling systems
have focused exclusively on airborne PM emissions and the mass of
wear of the pad and/or lining. The environmental impacts of brake
wear particles originating from the fallout process have been dis-
cussed in relation to the sources of copper in the runoff (Armstrong,
1994) and in relation to particles resuspended from road surfaces
(Harrison et al., 2013). Therefore, it is important to track the
whereabouts of brake wear particles quantitatively in relation to
the mass of wear of the brake discs or linings. Thus, in this study,
three categories of emissions were measured by mass and by
chemical analysis of inorganic elements: (a) fallout on the road (i.e.,
bottom of the chamber in this study); (b) deposition on the surfaces
of the brake pads and linings; and (c) airborne PM. To estimate the
amount of wear in the brake pads and linings quantitatively, the
amount of Fe originating from the rotor or drum (Iijima et al., 2007)
was subtracted from the three emission categories.

The PM fallout was collected on stainless steel trays placed on
the bottom of the inside of the chamber. The PM deposited on
friction materials was collected after the completion of the dynamo
test schedule using a micro spoon-shaped spatula and brush
apparatus. To quantify the mass emission from the airborne brake
wear particles, samples were collected using eight filter sampling
systems (Fig. 1). Further details of the particle sampling are
described in the Supporting Information (see “Particulate Matter
Collection and Measurements”).

Real-time particle mass concentrations were measured by two
particle mass monitors (DustTrakII™, TSI Inc.) with temporal res-
olutions of 1 s, which were equipped with PM10 and PM2.5 im-
pactors. After the driving operation, the values measured by
DustTrak™ were corrected by the filter mass concentrations for
each brake assembly test. The inlets were situated in the sampling
tunnel at 1.5 m from the driving shaft, at the center of the auto-
motive brake system.

As the airflow rate in the sampling tunnel was constant and the
particle mass concentration was uniform for the tunnel cross sec-
tion and distance (Hagino et al., 2015), the mass emission factor of
the wheel was estimated as follows:

EFwheel ¼ Ctunnel � Vtunnel � ttest=Ddistance (1)

where EFwheel is a PM mass emission factor for a wheel (mg/km/
wheel) with the braking force distribution of the vehicle, Ctunnel is
the PM mass concentration in the tunnel (mg/m3), Vtunnel is the
airflow rate in the tunnel (m3/min), ttest is the time of a test cycle
(min), and Ddistance is the driving distance of a test cycle (km).

The emission factor per vehicle EFvehicle (mg/km/vehicle) was
estimated as follows:

EFvehicle ¼ EFwheel � Nfront þ EFwheel � Nrear � BFDrear=BFDfront

(2)

BFDrear ¼ 1� BFDfront (3)

where Nfront and Nrear are the number of wheels on the front and
rear of a vehicle, respectively, BFDfront and BFDrear are the braking
force distribution ratio of the front and rear wheels of the vehicle.
As ideal braking force distributions are designed based on specific
brake data (e.g., the effective diameter of a brake disc, brake drum,
and the brake hydraulic pressure control device), the braking force
distributions used followed the values proposed by each vehicle
manufacturer. However, the actual brake force distributions varied
(i.e., 0.6e0.8) during braking as a function of deceleration and
initial speed (and gross vehicle weight). In other words, the braking
force of each wheel changed according to the static load, which was
caused by the shifting of the load by the inertial force during
braking. In this study, the emission factors per wheel EFwheel were
measured under the only BFDfront condition and have the pre-
sumption of using the scale linearly with BFD. Therefore, it is



H. Hagino et al. / Atmospheric Environment 131 (2016) 269e278272
necessary to note that the brake wear particle mass emissions
estimated by equation (2) are simplified.

2.4. Chemical analyses

Samples collected from Teflon®
filters on the MCI (47 mmf) and

LPI (80 mmf) were used to determine the concentrations of several
inorganic elements using inductivity coupled plasmaemass spec-
trometry (ICPeMS). The preparation of the Teflon®

filter media was
conducted bymicrowave-assisted mixed acid (4.5 mL HNO3, 0.5 mL
HF, 1.3 mL HCl) digestion and then processed according to a Stan-
dard Operating Procedure (SOP; California Environmental
Protection Agency Air Resources Board, 2010). In total, 17 ele-
ments (Na, Al, K, Ca, Ti, V, Cr, Mg, Mn, Fe, Cu, Zn, Sr, Zr, Mo, Sb, and
Ba) were determined by ICPeMS (ICPeMS, 7500cx, Agilent Tech-
nologies Inc.). The analytical procedures were validated using
several standard reference materials (SRMs; Table S2). The results
showed that the analytical procedures for acid digestion and
ICPeMS analysis had low interference with the target species.
However, the acid digestion efficiencies for Ca were observed to be
slightly lower, while those of the other 16 elements were consistent
with certificated values.

The quantities of organic carbon (OC) and elemental carbon (EC)
on the quartz substrates were determined using a thermal-optical
carbon analyzer (Model 2001, Desert Research Institute), and the
samples were processed according to the IMPROVE Thermal
Desorption/Optical Reflectance method with a 550 �C split for OC
and EC. Carbonaceous components in brake NAO friction materials
include phenol resin, aramid fiber, natural rubber, graphite, and
cashew dust (Chan and Stachowiak, 2004). The OC and EC in the
brake wear particles were separated before being used for radio-
carbon (14C) measurements in order to distinguish fossil and
contemporary carbon materials. Specifically, the 14C measurements
were conducted on total carbon (TC) and EC samples for each test
using acceleration mass spectrometry (Paleo Laboratory, Ltd.;
Minoura et al., 2012). The EC samples were prepared with an
aqueous extraction and heated at 550 �C to remove OC (Gelencs�er
et al., 2010). High-resolution flight aerosol mass spectrometry
(ToF-AMS, Aerodyne Research, Inc.) with electron ionization (EI)
was also employed in the analysis of the organic component for
vehicle II (temporal resolution of 1 s), because it was associated
with the highest PM concentrations observed in this study. Further
details of the chemical analyses are described in the Supporting
Information (see “Chemical Analyses”).

3. Results and discussion

3.1. Time series mass emissions

To the best of our knowledge, time-resolved measurements of
airborne brake wear particles have never been performed during
transient driving cycles representing both acceleration and decel-
eration phases. To study brakewear particle emissions as a function
of vehicle operating conditions and cycles, instruments with a time
resolution of the order of 1 s are needed. Therefore, in this study,
two disc brake systems (for passenger cars) and a drum brake
system (for trucks) were investigated in order to determine time
series variations in PM2.5 and PM10 mass emissions during JC08
(disc brakes) and JE05 (drum brakes) cycles using two light-
scattering laser photometers (DustTrak™).

Fig. 2aec shows an example time series for vehicle speed and
mass concentrations (mg/s/wheel) of PM10 and PM2.5 during typical
JC08 and JE05 test cycle experiments (runs #1 and #10). Run #1 for
each vehicle corresponded to a cold start for the exhaust test, which
resulted in lower PM emissions compared with run #10, which
corresponded to a hot start. Therewere no significant differences in
the peak emission patterns, and large peaks of brake wear particles
appeared during the highway-driving mode between 1040 and
1230 s for JC08, and between 1410 and 1840 s for JE05. However, the
details of the emission patterns varied between different brake
assemblies. The time-resolved emission profiles for PM10 and PM2.5
were similar, particularly for vehicle III, which had almost similar
levels of PM10 and PM2.5 emissions. This suggests that both fine
particles (<2.5 mm) and coarse particles (2.5e10 mm) significant
components of break wear particles (see Section 3.2).

The time series pattern of vehicle I was roughly similar to
vehicle II. Two peak types were found, one during the application of
a braking force and one during wheel rotation. The first was ob-
tained during a braking event (Fig. 2) and indicated that brake wear
particles were derived from the collision and friction between the
disc and the pads. The second type was obtained during a rotor
rotation and acceleration event (Fig. 2), and these data suggest that
brake wear particles can also be derived from the detachment of
wear particles from the surface of the brake and grooves. This was
probably caused by the use of a disc brake assembly with an open
(not sealed) configuration (Iijima et al., 2008). Another reason was
probably the design of the disc brakes, where the brake pad might
remain in contact with the disc evenwhen the brakes are no longer
applied (i.e., “drag”). Drag occurs because there is no mechanism
that actively draws the pads away from the discs after braking
(Backstrom, 2015). However, in our findings there was no rise in
brake temperature during the acceleration phase; therefore, it was
difficult to judge if contact occurred between the pads and rotor
(Fig. S2aec). Furthermore, the disengagement of the brake pad
could be confirmed by the naked eye by looking through the
observation window on top of our brake dynamometer chamber
(Fig. S4). There is no conclusive evidence that the emissions of
brake wear particles occurs following the slightest touch during
driving, and further investigation into this was beyond the scope of
this study. Therefore, we concluded that under the present exper-
imental conditions, the emission of brake wear particles during
driving was not negligible.

For the drum brake (Fig. 2c), only one type of peak was found
when applying a braking force. The peak increment started with
the application of the braking force (Fig. 2) and there may have
been slight emissions during driving with a rotating rotor. The
drum brake assembly is a closed system with a drum and back
plate, and the clearance gap is less than 1 cm, which suggests that
the brake wear particles are largely retained inside the drum and
rarely emitted to the outside environment (Hagino et al., 2015).
Previous studies have shown that, in contrast to disc brake systems,
drum brake system emissions correspond to a low percentage of
the total wear particles (Garg et al., 2000; Iijima et al., 2007; Hagino
et al., 2015). While these studies are not directly comparable to
ours, they do support the differences observed between the open
and closed brake assemblies. The results of this study also show
that brake wear particles can be released by brake abrasion and the
swirling airflow resulting from the rotor or drum after a braking
event. The contribution of resuspended particle emissions during
driving is consistent with our preliminary study (Hagino et al.,
2015).

3.2. Mass emissions

The brake wear particle (PM10 and PM2.5) emission factors were
compared with run number and brake temperature (Fig. S2). PM
mass emissions varied with run number, and those of vehicles II
and III increased with run number. As emission tests were per-
formed 10 times per day, the first run corresponded to a cold start
that resulted in lower brake temperatures and PM emissions. Pad



Fig. 2. Time series profiles of brake wear particle mass emissions of PM10 (red line ¼ run #10/pink line ¼ run #1) and PM2.5 (dashed dark blue line ¼ run #10/dashed light blue
line ¼ run #1) during transient driving test cycles: (a) vehicle I; (b) vehicle II; and (c) vehicle III. Grey shading denotes vehicle speed and black squares denote braking flags. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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wear rate is approximately proportional to the initial velocity
squared at temperatures of 50e300 �C (Zhang et al., 2009), which
suggests that the brake wear particle emissions in this study were
sensitive to brake temperature (Kukutschov�a et al., 2011). In other
words, brake temperature control is an important parameter that
must be considered when measuring brake wear particle emission
factors, and test methods for the acquisition of representative
values should be within the normal range of temperatures
(100e200 �C; Garg et al., 2000) generated during normal brake use.
The brake temperature ranges (maximum during a cycle) in this
experiment were 101e142 �C (vehicle I), 72e94 �C (vehicle II), and
87e135 �C (vehicle III). Thus, these temperature data are in the
valid temperature range and comparable with practical data from
actual test vehicles. When brakes were tested at each load weight
condition on a high-speed oval track under the same transient
driving cycles, but with 5 repeat tests involving 10-min intervals,
the brake temperature ranges (maximum during a cycle) were
102e113 �C, 72e74 �C, and 97e133 �C for vehicles I, II, and III,
respectively.
Using light-scattering laser photometry, the mean mass emis-

sion factors of PM10 and PM2.5 for the filter data were estimated to
be 0.67 and 0.53 mg/km/vehicle (ranges of 0.58e1.00 and
0.39e0.76 mg/km/vehicle), respectively, for vehicle I. For vehicle II
they were 1.38 and 1.00 mg/km/vehicle (ranges of 0.39e1.44 and
0.31e1.21 mg/km/vehicle), respectively, and for vehicle III, they
were 0.16 and 0.11 mg/km/vehicle (ranges of 0.04e0.16 and
0.04e0.15 mg/km/vehicle), respectively. We also found that the
NAO brake wear particle emissions varied with brake assembly
type. In particular, the drum brake assembly with a closed system
emitted less brake wear particles than the open disc brake as-
sembly, consistent with the results of our preliminary study. Inci-
dentally, the estimated brake wear particle mass emissions were
simplified using a single wheel (a front brake assembly) test and
braking force distribution as above. Based on a previous study and
our findings, contributions from resuspended particles due to
wheel-induced turbulence should be noted, and will require large-
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scale reconstruction of the existing equipment (Sanders et al.,
2003; Hagino et al., 2015). For this reason, we also tried a calcula-
tion based simply on single wheel emission (EFwheel) estimations
multiplied by the number of wheels (Nwheel) using Eq. (2). The
averagedmass emission factors of PM10 and PM2.5 for the filter data
were mostly estimated to be 0.94 and 0.74 mg/km/vehicle,
respectively, for vehicle I, and 1.93 and 1.40 mg/km/vehicle,
respectively, for vehicle II. For vehicle III, there was no difference in
the emission values because the braking force distribution used the
same value (0.5) between the front and rear brakes.

Previous studies have determined emission factors for brake
wear using several methods. First, direct measurements have been
conducted with dynamometers during laboratory experiments or
with vehicles during road tests. Second, receptor modeling has
been applied for field measurements under certain environmental
conditions. With regard to direct measurements, brake dyna-
mometers with isokinetic sampling systems have been used in
several studies for estimating brake wear emission factors for light-
duty vehicles (LDVs), and these studies yielded values in the range
of 3.0e8.0 mg/km/vehicle (PM10) and 2.1e5.5 mg/km/vehicle
(PM2.5; Grigoratos and Martini, 2014). With regard to receptor
modeling, several receptor models have been applied in different
environments (e.g., tunnels, street canyons, or roadside environ-
ments) to estimate brake wear emission factors for LDVs, and these
studies yielded values in the range of 1.0e8.8 mg/km/vehicle
(PM10), depending on the observation site (Grigoratos and Martini,
2014). The brake wear particle emissions in this study were found
to be slightly lower than the values reported in previous studies;
however, reasonable emission levels for inorganic elements were
obtained when the results of this well-controlled conditional
experiment and real-world emission measurements were
compared (e.g., Sb; see section 3.6 Inorganic Elements). Moreover,
the brake wear particle mass emission factors displayed large var-
iations depending on brake material, assembly system, and envi-
ronmental conditions. Further measurements under a wide range
of driving conditions will be required to characterize the emissions
of brake abrasion dust properly, and these should be obtained by
carefully assessing friction under transient driving cycles.

3.3. Size distributions

Fig. 3 shows the particle mass size distributions of emissions
from the three vehicles under the transient driving cycle tests. The
distributions from these three vehicles were dominated by the
<10 mm range, with a unimodal shape mass size range of
0.68e3.5 mm; however, in contrast to a previous study using an
NAO disc (Garg et al., 2000), there was no significant contribution
from ultrafine particles (<0.1 mm). Vehicles I and II (disc brakes)
show similar distributions with a peak in the 1.2e3.5-mm range, but
vehicle III with the drum brake had a greater quantity of smaller-
sized particles (1.2e2 mm). This difference in the size distribution
reflects differences in the brake assembly structure between the
disc and drum systems. The drum brake assembly is a closed sys-
tem with a drum and back plate and a sub-centimeter clearance
gap; thus, the brake wear particles can be retained within the
drum, becoming fractionated according to particle size. For an open
(not sealed) disc brake assembly, coarse and fine particles of brake
wear dust may be emitted because there is no sieving mechanism.
Time series profiles obtained in a previous study differed between
disc and drum brakes (Hagino et al., 2015), and though those results
may not be directly comparable with our study, they support the
differences observed between the open and closed brake
assemblies.

Using an enclosed chamber, some previous studies (Garg et al.,
2000; Iijima et al., 2007) have examined the mass size
distributions of brake wear particles for several kinds of brake as-
semblies and temperature conditions. Their results suggested that
variations in dust emissions might be caused mainly by differences
in braking temperatures and pad types; the brake wear particle
emissions reported for NAO brakes were in size ranges of
0.1e1.0 mm (Garg et al., 2000) and 3e6 mm (Iijima et al., 2007).
Based on a comparison of dust emissions using two LPI samples in
the 0.68e3.5-mm range, the variations of mass size reported as
relative standard deviations were 3.8e10% (vehicle I), 0.5e20%
(vehicle II), and 0.4e2.7% (vehicle III), indicating that particle losses
in the sampling tunnel were not significant. Even though the same
NAO-type pads were used in these previous studies, it is interesting
to note that dust emission values exhibited large variations. The
variations in size distributionmight also be caused by differences in
braking conditions and friction varieties, as suggested in previous
studies (Hagino et al., 2015); thus, further friction studies are
recommended.

The mass fractions of PM2.5 and PM10 in the MCI sampler, and
that of fine particles (�2.1 mm) to coarse particles (3.5e11 mmof the
LPI sampler were 79% and 49% (vehicle I), 72% and 55% (vehicle II),
and 69% and 68% (vehicle III), respectively (Table S3). The system-
atic bias for the emission of fine particles, detected by the two
different sampling methods, also showed in the standard de-
viations, which were 32% (vehicle I), 21% (vehicle II), and 2%
(vehicle III). As brake wear particles from drum brakes are smaller
than those from disc brakes (Fig. 3), drum brakes show lower var-
iations in mass size distributions in the different sampling
methods. Emissions of inorganic elements from the vehicles
showed similar size distributions as the PM mass emissions,
consistent with their friction materials (see Section 3.6). However,
the difference between the PM and the element size distribution
might be caused by the unexpected acid digestion error for the
vehicle I filter.

3.4. Mass balance

Fig. 4 shows the brake wear particle masses of the three vehicles
during the 50 transient driving cycle tests. The Fe from the rotor or
drum were subtracted from the emissions, because brake wear
particles can include those originating from the friction pair (rotor
or drum; Iijima et al., 2008). Cast iron in the friction pairs was
assumed to be 100% Fe and this was used as an indicator of friction
pair wear (Iijima et al., 2008). Considering that the mass percent-
ages of Fe in the pads and linings accounted for 0% (vehicle I), 0.35%
(vehicle II), and 0.05% (vehicle III), the contribution of Fe in the PM
was taken to come from the disc or drum, while the contribution of
Fe from the pads or linings was considered to be negligible. The
masses of emissions based on the amount of abrasive wear per
driving distance were 6.3, 4.7, and 5.8 mg/km/vehicle for vehicles I,
II, and III, respectively (Table S4). The percentage of the total wear
detected as total airborne PM and PM2.5 accounted for 13% and 8%
(vehicle I), 29% and 21% (vehicle II), and 4% and 2% (vehicle III),
respectively. Not all brake wear particles were emitted as airborne
particles and the mass of wear particles did not correspond to the
airborne PM emissions. This is consistent with previous studies,
which have shown that not all brake wear particles are emitted as
airborne particles, and that 30e90% of brakewear particles bymass
are emitted as airborne PM (Garg et al., 2000; Sanders et al., 2003;
Iijima et al., 2008).

It was found that a portion of the brake wear particles remained
on the surface of the brakes and grooves: 0.04% for vehicle I, 5% for
vehicle II, and 51% for vehicle III. The shoe (drum brake) had some
drill holes for the rivet or bolt fastenings, which increased the
percentage of wear particles deposited on the shoe (Table S1). The
unaccountedmass fractions contributed significantly to the mass of



Fig. 3. Size-resolved particle mass and inorganic element emissions obtained during transient driving test cycles for vehicles I (pink lines), II (blue lines), and III (green lines). Data
were analyzed by ICPeMS. Samples were collected using 12-stage LPI samplers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Wear mass balance obtained during transient driving test cycles for vehicles I,
II, and III. The Fe contents originating from the rotor and drum were subtracted from
these data.
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the wear, accounting for 73%, 36%, and 44% for vehicles I, II, and III,
respectively. The reasons for this were probably errors in collection
and measurement (i.e., the fallout, deposit, and weighing of the
brake assemblies) or the release of gaseous species from the friction
materials. A 25% error in the weight of the disc and lining by the
microbalance would result in significant unaccounted fractions,
accounting for 59e98%, 29e48%, and 35e58% for vehicles I, II, and
III, respectively. Based on the results of previous studies (Inoue
et al., 1990a, 1990b) and on the carbon component measurements
(see Section 3.5), it appears that there is a mechanism of gaseous
species emission or chemical change in NOA friction during the
abrasion process, and the same explanation may apply for this case.

Gaseous species emissions reported by a previous study showed
a consistent pattern of HC emissions synchronized with braking
events (Garg et al., 2000). It is well known that NAO brake pads
(discs) and shoes (drums) contain metal and organic components
that prevent the lowering of the coefficient of friction during the
decomposition of organics. This decomposition (oxidation), known
as the mechanochemical degradation of cured resin, is due to the
increase in temperature caused by the shearing forces. It has been
reported that metal powder can decrease the average molecular
weight of the degradation products of phenolic resin (e.g., CO2, CO,
aldehydes, and aromatics) through catalytic action (Inoue et al.,
1990a, 1990b). Moreover, reduction of metal oxides associated
with the tribo-degradation of phenolic resin (e.g., CuO / Cu þ O)
has also been reported (Okayama et al., 2013). Another study
indicated that Sb2S3 in lubricants (Varrica et al., 2013; Chan and
Stachowiak, 2004) decomposes to more stable mixed oxidized
forms (e.g., Sb2O3) through the brake abrasion process (Varrica
et al., 2013), corresponding to the loss or transformation of sulfur.
Measurement of the carbon content of no-airborne low-metallic
brake debris from friction tests indicated that the original brake pad
sample contained 494 g/kg of carbon (56 wt% for the pad), which
fell to 141 g/kg in the wear debris sample (40 wt% less than the
original pad) after the friction test (Plach�a et al., 2016). Therefore,
the unaccounted fraction may reflect gasification, including
oxidation, reduction and evaporation from brake friction. Although
neither this nor the previous study quantified gaseous substances,
this finding is a tentative insight into the brake abrasion mecha-
nism. In future, better measurements will be required to determine
gaseous species (i.e., CO2 and hydrocarbons) emissions at lower
temperatures, or to better quantify their fractional contribution to
the mass of wear.

3.5. Carbon components

The TC emissions of PM10 and PM2.5 accounted for 71 mgC/km
and 67 mgC/km/vehicle, respectively, for vehicle I, 110 mgC/km/
vehicle and 83 mgC/km/vehicle, respectively, for vehicle II, and
66 mgC/km/vehicle, and 63 mgC/km/vehicle, respectively, for vehicle
III (Table S5). The TC contributions of PM10 and PM2.5 accounted for
7.3% and 13%, respectively, for vehicle I, 7.9% and 8.3%, respectively,
for vehicle II, and 41% and 57%, respectively, for vehicle III. The TC of
airborne PM from the disc brake was found to have lower per-
centages than the 21% and 17% reported for 100 �C and 300 �C tests
(Garg et al., 2000), indicating variations in the amount and ratio of
TC from PM caused by differences in brake friction and tempera-
ture. For reference, the carbon contents of the pads and linings
were semi-quantified as 37%, 34%, and 64%, for vehicles I, II, and III,
respectively (Fig. S3a), suggesting that parts of the carbon
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components were volatilized and/or oxidized. The carbon compo-
nent loss fromPM10 during friction accounted for 25%, 26%, and 22%
(9%, 9%, and 14% of total mass) for vehicles I, II, and III, respectively.
The permutable ranges detected for the unaccounted fraction of the
wear of the mass were 73%, 36%, and 44% for vehicles I, II, and III,
respectively (Fig. 4).

As carbonaceous components from NAO brake friction are
included in phenol resin, aramid fiber, natural rubber, and cashew
dust (Chan and Stachowiak, 2004), the contemporary carbon con-
tent (pMC) was determined for subsequent radiocarbon (14C)
measurements (see Supporting Information “Chemical Analyses”).
The pMC of TC from the original friction materials (pad and lining),
and from airborne PM2.5 brake wear particles generated by the
abrasion process, accounted for 28.7 and 20.1, respectively, for
vehicle I, 20.1 and 11.6, respectively, for vehicle II, and 10.1 and 13.2,
respectively, for vehicle III. The pMC in this study was lower than
the value of 51 (Hildemann et al., 1994). This reflects the wide
variations in pMC caused by differences in brake friction. On the
other hand, under a shearing force from the mechanochemical
degradation process, the metal powder in cured phenolic resin has
been found to decrease the mean molecular weight of the degra-
dation products through catalytic action (Inoue et al., 1990a,1990b).
These studies cannot be directly compared with our study; how-
ever, they might support the change of large molecular weight
carbon components, which can be volatilized or oxidized to CO2,
causing large alterations in chemical compositions. In any case, it
remains difficult to spectate overwhich substances are combustible
during the mechanochemical reaction; therefore, this study pre-
sents the experimental data as a case study only.

Organic and sulfur components were found in the non-
refractory submicron particle phase (NP-PM1) using a Time-of-
Flight Aerosol Mass Spectrometer (ToF-AMS) under normal in-use
600 �C detection (Fig. 5), indicating that they originated from or-
ganics in the NAO friction materials, barium sulfate, and antimony
pentasulfide. The O/C and H/C ratios of the organic compounds
were 0.68 and 1.62, respectively. Although the organics from brake
wear particles were primary organic aerosols (POAs), higher
oxidative components we also observed, in contrast with the NAO
brake materials (e.g., O/C 0.11 and H/C 1 for a monomer phenol
resin and O/C 0.14, and H/C 0.57 for a monomer aramid fiber; Chan
and Stachowiak, 2004) and tailpipe emissions (e.g., O/C/0.03 and H/
C 2 for gasoline and diesel exhausts; Mohr et al., 2009). There were
similar oxidation levels for secondary organic aerosols (SOAs; e.g.,
O/C 0.68 and H/C 1.27 for toluene-derived SOAs; Chhabra et al.,
2010) and ambient water soluble organic aerosols as oxygenated
components (e.g., O/C 0.64 and H/C 1.45; Mihara and Mochida,
2011). These results indicate that the NAO friction particles
Fig. 5. Average aerosol mass spectra of organic (green) and sulfate (red) brake dust
emissions for vehicle II. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
changed to oxygenated organic particles during the abrasion
process.

3.6. Inorganic elements

Fig. 3 shows the size distributions of brake wear particle emis-
sions for typical inorganic elements (Fe, Cu, Sb, and Ba) measured
during a dynamometer test, other inorganic elements (Ca, Sr, Cu,
Mg, Sr, Na, Zn, Mo, K, Ti, and Zr) are shown in Fig. S7. The inorganic
elements showed size distributions similar to those of the PM
emissions, consistent with a unimodal mode (1.25e3.2 mm). In
contrast to the mode size found in this study (~1e3 mm size dis-
tributions of the key tracer elements (e.g., Cu, Sb, and Ba; Grigoratos
andMartini, 2014) showed a unimodal size distribution (�2e5 mm)
in a brake dynamo test (Iijima et al., 2007) and in a road tunnel
(Lough et al., 2005), with these elements being significant relative
to the effect of resuspension in tunnels. However, differences in size
distributions often appear in other studies (e.g., mass size range of
the <0.1 mm ultrafine mode; Garg et al., 2000), and it is interesting
to note that size distributions show large variations due to differ-
ences in brake pads and/or sampling sites (Grigoratos and Martini,
2014). Moreover, previous studies have indicated that the emission
of brake wear nanoparticles (and not accumulation mode particles)
by number concentration increases above critical temperatures
(i.e., 170e180 �C), and dominate at temperatures exceeding 200 �C.
The same explanation may apply to results of this study (Oleksii
et al., 2015).

The inorganic element emission factors from the MCI are shown
in Table S5, together with values from the dynamometer, road
tunnel, and tailpipe emissions tests of previous studies. In this
study, the most abundant inorganic element in the brake wear
particles was Fe and its fractions of PM10 and PM2.5 were 12% and
10%, respectively, for vehicle I, 26% and 28%, respectively, for vehicle
II, and 22% and 21%, respectively, for vehicle III (Table S6). Fe con-
tents vary in the pads and linings of passenger cars (equivalent to
vehicle I), compact cars (equivalent to vehicle II), and trucks
(equivalent to vehicle III; Fig. S6b). Themass fractions of brakewear
particles originating from rotors have been estimated to be �30%
(Iijima et al., 2008). In this study, the mass fractions of PM10 and
PM2.5 brake wear particles originating from the rotor or drum
accounted for 22% and 20%, respectively, for vehicle I, 19% and 20%,
respectively, for vehicle II, and 10% and 9%, respectively, for vehicle
III (Table S6). This shows that the contributions from the rotor or
drum in this study were similar to those in the previous NAO brake
pad study (Iijima et al., 2013); however, this applies only to NAO
linings. For semimetallic or metallic linings, the Fe content in PM is
partially due to the pad/lining and not only to the disc/rotor.

Brake wear particles were measured as a driving distance-based
mass emission; therefore, the emission factors of the inorganic
elements can be comparedwith those from tunnel environments or
tailpipe emission tests. The key tracers of brake wear particles
(Grigoratos and Martini, 2014) varied by vehicle (i.e., by brake as-
sembly) for PM2.5, with ranges of 2.4e5.5 (Al), 0.51e2.1 (Ca),
23e277 (Fe), 8.1e55 (Cu), 2.6e9.7 (Sb), and 7.1e81 (Ba) mg/km/
vehicle (Table SX). These elements are included in almost all pads
and linings; however, the fractions vary widely (Fig. S6b). Tailpipe
emissions tend to have a higher range of OC, EC, Ca, and K than
brake wear particle emissions, suggesting that these elements
originate from engine lubricant. The OC, EC, Al, Ca, and K of road
tunnel emissions have higher levels than brake wear particles,
suggesting that tailpipe emissions and resuspended particles
contribute more to PM emissions than brake wear particles. The
concentrations of Zn and Cu in brake wear particles and road
tunnels were similar; however, Ba contents were higher in brake
wear particles than in tailpipe emissions.
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The emission factors of Sb, a typical tracer used as a solid
lubricant in brake pad/linings (Chan and Stachowiak, 2004),
determined in previous studies were 4e18 (light duty vehicles) and
44e128 mg/km/vehicle (heavy duty vehicles) for an inter-urban
freeway with free-flowing traffic, 144 mg/km/vehicle for a street
canyon in Stockholm (Johansson et al., 2009), 32 mg/km/vehicle for
Tingstad tunnel in Sweden (Sternbeck et al., 2002), 51 mg/km/
vehicle for Lundby tunnel in Sweden (Sternbeck et al., 2002), 16 mg/
km/vehicle for Kilborn tunnel in the United States (Lough et al.,
2005), and 12e67 mg/km/vehicle for Howell tunnel in the United
States (Lough et al., 2005); therefore, our results showed similar
emission levels depending on brake type and sampling site. In
other words, the results suggest that emissions in laboratory brake
dynamometer test are capable of being detected in traffic-related
ambient PM. Moreover, despite the small concentration of
emitted Sb, high Sb levels in the blood of port workers (5e10 times
higher than the concentration of Sb in the blood of control groups)
suggest the significant impact of Sb emissions from heavy weight
vehicle traffic (Quiroz et al., 2009). Therefore, even low-level
emissions may be detectable in the atmosphere and impact upon
human exposure.

A Cu/Sb ratio of 4.6 ± 2.3 has been proposed as typical for brake
wear particles (Sternbeck et al., 2002). The mean value of our three
vehicles' brake wear particle emissions showed a similar ratio (i.e.,
5.6 ± 2.6). However, it is interesting to note that large variations in
this ratio due to variations in brake pad composition have been
reported (Grigoratos and Martini, 2014). In the disc brakes used by
several Japanese manufacturers (Fig. S6c), Sb was not detected in
the brake pads, indicating that brake manufacturers may substitute
Sb sulfides with Sn sulfides (SnS or SnS2; Faullant, 2002). In addi-
tion, brake pads need to be compliant with state regulations, which
stipulate that from the beginning of 2021, brake pads must have
low Cu contents (Washington State Senate Bill SB6557, 2010;
California State Senate Bill SB346, 2010; Lee et al., 2012). Thus,
attention should be given to the Cu/Sb ratio, as this will change
during source apportionment environmental analyses in future
studies. Further research is required to determine the national and
regional specific emission factors of brake abrasion dust and a
greater number of friction materials should be assessed under
transient driving cycles, similar to the tailpipe emission test
method.

4. Conclusions

To determine the emission factors and chemical compositions of
brake wear particles from brake pads and rotors (or lining and
drum) without contamination from road dust and/or tire wear,
laboratory-based brake dynamometer measurements were used to
test commercially available automotive brake pads and lining as-
semblies. Themajor conclusions of this study can be summarized as
follows:

� Time series patterns for the two vehicles with disc brakes were
roughly similar, with two peak types found during the appli-
cation of a braking force and wheel rotation.

� For the drum brake, a single peak typewas foundwhen applying
a braking force. This likely reflects the closed system of the brake
assembly, with a drum and back plate, meaning that few brake
wear particles are emitted from the narrow clearance and most
are retained inside the drum.

� The observed airborne brake wear particle emissions ranged
from 0.04 to 1.4 mg/km/vehicle for PM10, and from 0.04 to
1.2 mg/km/vehicle for PM2.5.

� Not all brake wear particles were emitted as airborne particles
and mass of wear particles did not correspond to airborne PM
emissions. The proportion of brake wear debris collected as
airborne brake wear particles was 2e21% of the mass of wear.

� Oxygenated carbonaceous components were observed in the
airborne PM by AMS, which indicated that changes in the
oxidation of carbonaceous compounds occurred during the
abrasion process.

� This study identified key tracers of brake wear particles (e.g., Fe,
Cu, Ba, and Sb) at emission levels comparable with traffic-
related atmospheric environments (e.g., tunnels, street can-
yons, or roadside environments).
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