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Abrasion tests were conducted using a brake dynamometer
to determine the antimony (Sb) emission factor originating from
automobiles. Abrasion dusts from commercially available
brake pads (nonasbestos organic type) were emitted into an
enclosed chamber under various braking conditions in terms of
initial driving speed and deceleration. Suspended dusts
inside the chamber were collected on a quartz fiber filter and
weighed. From the experimental data, dust emission could
be regressed as a function of the initial kinetic energy loading
and the braking time. Using the regression function, the
emission factors of brake abrasion dusts under the typical
braking conditions (initial driving speed; 50 km/h, deceleration;
1.0 m/s2) were calculated as 5.8 mg/braking/car for PM10
and 3.9 mg/braking/car for PM2.5. The elemental composition
of the collected dusts indicated that the fraction originating from
disk wear contributed to approximately 30% of the suspended
dusts. From these analytical results, it was concluded that
the Sb emission factors originating from automobiles were
approximately 32 µg Sb/braking/car for PM10 and 22 µg Sb/
braking/car for PM2.5. These essential data will contribute to the
modeling of atmospheric Sb concentration alongside roadways
andalsotothebetterunderstandingofSbsourceapportionment.

Introduction
The relationship between PM2.5 concentration and adverse
effects for human health has been extensively demonstrated
by a large number of epidemiological studies (1–5). During
the past decade, attention has been focused on the various
kinds of harmful chemicals contained in fine airborne
particles from both an environmental and toxicological
viewpoint. Recently, enrichment of antimony (Sb), one of
the harmful elements (6, 7), in airborne particles was observed
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in several countries including Germany (8), the U.S. (9), Japan
(10), and Argentina (11). Moreover, the Sb enrichment factor
has increased even in Arctic ice as much as 50% during the
last three decades (12). From the various viewpoints of source
evaluations using elemental compositions, particle size, and
shape distributions, automotive brake abrasion dusts were
suspected as one of the important sources of Sb-enriched
airborne particles (8, 10–16). It is, therefore, essential to
determine the Sb emission factor that originates from
automotive braking in order to quantitatively evaluate the
contribution of automobiles to the atmospheric Sb concentration. The emission factors of pollutants from automobiles
have been officially assessed in projects such as MOBILE6
established by the U.S. Environmental Protection Agency
(17) and JCAP (Japan Clean Air Program) established by JPEC
(Japan Petroleum Energy Center) (18). In the MOBILE6
project, the emission factor of brake abrasion dusts originating from asbestos brake pads was determined as 13 mg/
mi for PM10. However, use of the mileage-based emission
factor is not really practical because the emission of the brake
abrasion dusts occurs only during braking, whereas exhaust
gas is continuously emitted. Instead perhaps, atmospheric
Sb distributes specifically depending on traffic density, traffic
signal patterns, driving speed, and braking force. Moreover,
asbestos brake pads have now generally been replaced by
low-metallic, semimetallic, or nonasbestos organic (NAO)
type pads. In terms of the JCAP project, while the gaseous
pollutants from exhaust have been fully evaluated, the
emission factor of brake abrasion dusts has not been
determined thus far, and the project pointed out that the
contribution of brake abrasion dusts to roadside airborne
particles should be assessed in detail.
To this end, in this study abrasion tests to determine the
dust emission were carried out using a brake dynamometer
for NAO type brake pads which are widely installed in
Japanese passenger cars. Dust emission (mg/braking/wheel)
from automotive braking was obtained as a regression
function of certain braking parameters. Moreover, using the
regression function the dust emission factor in the course of
individual vehicle braking (mg/braking/car) was determined
in various cases in terms of vehicle weight and braking
condition. Furthermore, the Sb emission factor (µg Sb/
braking/car) was calculated from the determined dust
emission factor and the elemental analysis of abrasion dusts.

Experimental Method
Experimental Setup. A brake assembly consisting of a cast
iron disk and a caliper mounted on a pair of pads was installed
in an enclosed chamber (W × D × H ) 2 m × 1 m × 1.5 m)
constructed of antistatic-finished polyvinyl chloride sheets
(see Figure 1). A high-volume air sampler (model 120V,
Kimoto Electric Co., Ltd., Japan) was placed near the chamber
wall. The top of the sampler was set level with the center of
the brake assembly, and the exhaust air was released from
the chamber through a ventilation duct. Fresh air was
introduced through a quartz fiber filter (2500 QAT-UP, 180
× 230 mm, Pallflex Products Co., U.S.) located at the opposite
side of the high-volume air sampler. In order to continuously
monitor size-classified particle number concentrations of
brake abrasion dusts, the sample intake of the aerodynamic
particle sizer (APS) spectrometer (model 3321 APS, Tokyo
Dylec Co., Japan) (19, 20) was placed just 300 mm below the
pads.
Operating Conditions of the Brake Dynamometer and
Sample Collection. Three types of commercially available
NAO pads (referred to as I, II, and III; the same pads labeled
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FIGURE 1. Layout of a full-size brake dynamometer assembly and measurement instruments.
B, A, and C, respectively, used in our previous study (16))
were used for the abrasion tests. These three pads are
provided by three major Japanese brake manufacturers, and
they are well distributed to Japanese passenger cars. The
market share of these three manufacturers covers approximately 75% of the total Japanese market. Before the
abrasion tests, the friction surface was sufficiently burnished
to remove roughness.
First, abrasion tests (runs no. 1–9) for pad I were carried
out by changing the number of brakings, initial driving speed
(40–60 km/h), and deceleration (1.0–3.0 m/s2) as shown in
Table 1. All experimental conditions simulated front wheel
braking (braking force distribution (BD); 0.8) of a passenger
car (gross vehicle weight (W); 2000 kg). The disk and pad
temperatures were monitored using a thermocouple attached
at 1 mm depth from the friction surface. In order to simulate
low-temperature braking in typical urban districts, initial
disk temperature was maintained below 100 °C during all
runs by taking an interval between brakings. Dust sampling
using the high-volume air sampler (flow rate; 1000 L/min)
was started just before starting the abrasion tests. The
abrasion dusts were collected on a quartz fiber filter (2500
QAT-UP, 180 × 230 mm, Pallflex Products Co.), and the filter
was replaced each run. Before and after sampling, the filters
were weighed in a temperature and humidity controlled room
(temperature 21.5 °C, relative humidity 50%). Particle size
distributions of the abrasion dusts were continuously
measured by the APS spectrometer with a temporal resolution
of 1 s and a size resolution of 52 classes in the range of
aerodynamic particle diameter (Dp) ) 0.5–20 µm. After the
braking operation in each run, in order to collect all abrasion
2938
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TABLE
Tests

1. Experimental Conditions for Respective Abrasion

run no.

pad

number of
brakings (times)

initial driving
speed (km/h)

deceleration
(m/s2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

I
I
I
I
I
I
I
I
I
II
II
II
III
III
III

15
15
15
20
20
20
30
30
30
15
20
30
15
20
30

60
60
60
50
50
50
40
40
40
60
50
40
60
50
40

3.0
2.0
1.0
3.0
2.0
1.0
3.0
2.0
1.0
2.0
2.0
2.0
2.0
2.0
2.0

dusts, dust sampling using the high-volume air sampler
continued until the APS signals returned to the background
level.
Next, in order to evaluate the variation in dust emission
among the different varieties of pads, the abrasion tests for
pads II and III were carried out according to the experimental
conditions shown in Table 1. The sampling of abrasion dusts,
the weighing of filters, and the measurement of particle size
distribution for pads II and III were identical to those for
pad I.

FIGURE 2. Time profiles of the number concentration of
abrasion dust particles between Dp values of 1.486 and 1.596
µm and the disk and pad temperatures obtained during run no.
2 for pad I. Y-axis on the left: thin line (—) indicates the
number concentration (no./cm3) of particles. Y-axis on the right:
bold line ()) and broken line (----) indicate the disk
temperature and the pad temperature, respectively.
Chemical Analysis of Metallic Elements in Brake Abrasion Dusts. A portion of the sample loaded filter (47 mmφ)
was cut out after weighing and subsequently digested by a
mixture of 2 mL of hydrofluoric acid (50% atomic absorption
spectrometry grade, Kanto Chemical Co., Inc., Japan), 4 mL
of nitric acid (60% electronic laboratory grade, Kanto
Chemical Co., Inc.) and 1 mL of hydrogen peroxide (30%
atomic absorption spectrometry grade, Kanto Chemical Co.,
Inc.) in a microwave digestion system (Multiwave, Anton
Paar GmbH, Austria) under the condition of 700 W for 10
min and 1000 W for further 10 min. Hydrofluoric acid was
evaporated by heating the sample solution at 200 °C on a hot
plate, and 0.1 mol/L of nitric acid (prepared from 60% nitric
acid) was then added to obtain a 50 mL sample. K, Ti, and
Fe were determined by an inductively coupled plasma atomic
emission spectrometer (ICP-AES, Ciros CCD, Rigaku, Japan),
and Cu, Zn, Sb, and Ba were determined by an inductively
coupled plasma mass spectrometer (ICP-MS, SPQ9000, Seiko
Instrument Inc., Japan). Elemental analysis was conducted
under the same conditions as reported previously (16). All
analytical procedures were validated by the standard reference material SRM 1648 (urban particulate matter) prepared
by the NIST (National Institute of Standards and Technology).
The analytical results were in good agreement with the
certified and reference values.

Results and Discussion
Temporal Profiles of the Number Concentrations and the
Particle Size Distributions of Abrasion Dusts. Figure 2 shows
the temporal profiles of the disk and the pad temperatures
and the number concentration dN/dlogDp (no./cm3) of the
abrasion particles between Dp values of 1.486 and 1.596 µm
obtained during run no. 2. The initial disk temperature for
this individual braking was precisely controlled below
100 °C. For each braking, spike-shaped peaks (possibly due
to collision and friction between the disk and the pads) and
subsequent increments (possibly due to detachment of the
abrasion dusts sticking to the disk or the pad surface) were
found. These findings are very similar to our previous
observations determined with an open system (16). Additional
sampling after the braking operation revealed that APS signals
(no./cm3) returned to the background level, indicating that
the abrasion dusts were almost completely collected on the
filter. The total weight of suspended dusts collected on the
filter accounted for 63% of the total wear weight of pad I,
with the remaining 37% suspected to have deposited on the
chamber bottom as large particles.

APS signals observed during the individual run were
normalized by the maximum value in order to eliminate signal
variations due to differences in the number of brakings and
the total experiment time. The particle size distributions
based on the number concentrations for pads I, II, and III
are given in Figure 3a, b, and c, respectively. As shown in
Figure 3a, the peaks of the number-based distributions were
found around 0.8 µm for runs no. 1–9, and these were
independent of initial driving speed and deceleration.
Moreover, it can be seen in Figure 3a, b, and c that there
were no significant differences in the peaks of distribution
among the three kinds of pads. We previously reported that
the peak of the particle size distribution shifted to the fine
side with decreasing disk temperature (400 °C; ≈2 µm,
300 °C; ≈1.5 µm, 200 °C; ≈1 µm) (16), and the present
observations (100 °C; ≈0.8 µm) are consistent with that
tendency. Hence, quite a number of fine particles could be
emitted to the atmosphere by low-temperature braking in
urban districts.
Under the assumption that the abrasion particles are
spherical shape, particle number distributions were converted to the mass distributions by multiplying particle
number, volume, and density (Density does not affect the
normalized distributions.) (see Figure 3d, e, and f). The mass
fractions of PM10 accounted for 95–98% (pad I), 97–98% (pad
II), and 97–98% (pad III), respectively. On the other hand,
those of PM2.5 accounted for 59–70% (pad I), 62–69% (pad
II), and 56–66% (pad III) of total mass, respectively. Therefore,
the emission weight of fine (<2.5 µm) particles were more
significant than that of coarse (2.5–10 µm) particles.
Dust Emissions of Various Braking Conditions. Dust
emission data (mg/braking/wheel) shown in Table 2 was
obtained by dividing the collected dust weight by the applied
number of brakings in the individual run. Under the condition
of the same deceleration (e.g., run nos. 2, 5, and 8), dust
emission increased along with increased initial driving speed.
On the other hand, dust emission increased along with
decreased deceleration under the condition of the same initial
driving speed (e.g., run nos. 4, 5, and 6). Prolonged friction
during low deceleration braking might induce fatigue of the
pad friction surface. According to the comparison of dust
emissions under the same braking condition for the different
varieties of pads (run nos. 2, 10, and 13, run nos. 5, 11, and
14, and run nos. 8, 12, and 15), variation was determined as
up to 43% (run nos. 8, 12, and 15) as a relative standard
deviation.
Dust emissions under certain specific braking conditions have also been reported by Garg et al. (21) and Sanders
et al. (22). Garg et al. (21) examined three kinds of
semimetallic and four kinds of NAO type brake pads under
several disk temperature conditions using an enclosed
chamber and reported dust emissions of 0.29–1.66 mg/
braking/wheel (semimetallic) and 0.11–0.84 mg/braking/
wheel (NAO) under conditions of 50 km/h initial driving
speed, 3 m/s2 deceleration, and 100 °C disk temperature.
On the other hand, Sanders et al. (22) examined one kind
each of low-metallic, semimetallic, and NAO type brake
pads using a dilution tunnel and reported dust emissions
of 7.0 mg/braking/wheel (low-metallic), 1.7 mg/braking/
wheel (semimetallic), and 1.5 mg/braking/wheel (NAO)
under the conditions of 90 km/h initial driving speed, <1.6
m/s2 deceleration, and <160 °C disk temperature. Even
though the same NAO type pads are used in passenger
vehicles, it is interesting to note that the dust emission
data shows a large variation. As previously mentioned, the
dust emissions reported here varied depending on the
several braking conditions employed, including initial
driving speed and deceleration (see Table 2). Moreover,
a maximum of 43% variation was observed for the dust
emissions among the different pads I, II, and III. Since the
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FIGURE 3. Normalized particle size distributions of brake abrasion dusts. a, b, and c show the normalized number distributions for
pads I, II, and III, respectively. d, e, and f show the normalized mass distributions converted from a, b, and c. APS signals are
normalized by the maximum values.

TABLE 2. Dust Emissions for Various Initial Driving Speeds
and Decelerations
dust emission (mg/braking/wheel) (run no.)
initial driving speed (km/h)
deceleration
(m/s2)

pad
I
I
I
II
III

3.0
2.0
1.0
2.0
2.0

60
2.14
2.58
3.05
2.60
1.77

50
(1)
(2)
(3)
(10)
(13)

0.91
1.15
2.06
2.21
1.39

40
(4)
(5)
(6)
(11)
(14)

0.37
0.70
1.26
1.28
0.59

(7)
(8)
(9)
(12)
(15)

respective bulk pad compositions are designed to control
several braking characteristics such as braking force, wear
resistance, and thermal capacity, there is large diversity
among the commonly used NAO pads. Therefore, the
variations of dust emissions might be mainly caused by
the difference of braking conditions and the varieties of
pads. In order to determine the emission factor of the
brake abrasion dusts, these two main causes should be
carefully assessed.
Approximation of Dust Emission by the Automotive
Braking Parameters. It became clear that dust emission is
dependent on initial driving speed and deceleration. In order
to clarify the influencing factor on dust emission, the
relationship between dust emission, initial driving speed,
and deceleration was systematically evaluated for pad I
through run nos. 1–9. Talib et al. (23) demonstrated that pad
wear was influenced by applied loading to the friction surface
and braking time. On the basis of this observation, the
relationship between the dust emission (z; mg/braking/
wheel), the initial kinetic energy loading to the friction surface
(x; Nm/cm2/wheel) and the braking time (y; sec) obtained
in run nos. 1–9 are described in Figure 4. The initial kinetic
energy loading to the friction surface was calculated from
the gross vehicle weight (W; kg), the initial driving speed (V0;
m/s), the braking force distribution (BD; 0.8 for a pair of the
2940
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FIGURE 4. Dust emission as a function of initial kinetic energy
loading to the friction surface and the braking time. Fitted
surface was regressed by the nine experimental data sets (b)
obtained in run nos. 1–9 for pad I.
front wheels) and the friction area of a pair of pads (A; cm2)
and expressed as the following eq 1.
x ) (1 ⁄ 2) × W × V0 × (BD ⁄ 2) × (1 ⁄ A)

(1)

As shown in Figure 4, the dust emission could be fitted
with the initial kinetic energy loading and the braking time,
and the regression function could be expressed as the
following eq 2 by the least-squares approximation (R2 )
0.993).
z ) 1.39 × 10-6x2 - 7.19 × 10-3y2 + 1.59 × 10-5xy 1.61 × 10-3x + 2.29 × 10-1y (2)
Equation 2 allowed regression of the dust emission data under
the various braking conditions. Nevertheless, extrapolation
for data far outside the fitted surface in Figure 4 is not
recommended because the wear characteristics might change

TABLE 3. Elemental Concentrations in Abrasion Dusts Originating from Pads and Bulk Pads
concentration (%)
pad I

pad II

pad III

average of three pads

element

dustsa

bulk Padb

dustsa

bulk Padb

dustsa

bulk padb

meanc

%RSD

K
Ti
Fe
Cu
Zn
Sb
Ba

1.4
5.6
0.13
13
0.11
0.78
14

1.4
4.6
0.12
13
0.070
0.71
13

3.9
11
8.6
9.9
0.063
1.7
8.1

4.1
9.5
8.6
15
0.031
1.7
7.3

2.3
11
0.44
21
2.9
1.9
14

1.8
8.2
0.36
18
3.2
1.6
13

2.6
9.4
3.1
15
1.0
1.5
12

49
34
157
38
158
41
29

a
Values corrected by the disk contribution to the total abrasion dusts.
averaged concentrations of dusts emitted from three different pads.

b

Cited from Iijima et al. (16).

c

Values are

TABLE 4. Estimation of Emission Factors for Brake Abrasion Dusts and Sb
(a) braking parameters for the estimation
friction area
case

gross vehicle
weight (kg)

initial driving
speed (km/h)

deceleration
(m/s2)

front
(cm2/wheel)

rear
(cm2/wheel)

braking force
distribution (front/rear)

1
2
3

2500
2000
1500

50
50
50

1.0
1.0
1.0

120
100
80

56
56
56

0.7/0.3
0.7/0.3
0.7/0.3

(b) estimated emission factors
dust emissiona
(mg/braking/wheel)

emission factor of abrasion dusts
(mg/braking/car)

Sb emission factor
(µg Sb/braking/car)

case

front

rear

total

PM10

PM2.5

total

PM10

PM2.5

1
2
3
average

1.6
1.5
1.5
1.5

1.5
1.5
1.5
1.5

6.1
5.9
5.9
6.0

5.9
5.7
5.7
5.8

4.0
3.8
3.8
3.9

34
33
33
34

33
32
32
32

22
22
22
22

a

approximated by eq 2.

drastically due to the overheating of the friction surface.
Phenolic resin, the main compound binding the brake
components (e.g., Sb2S3, BaSO4, Cu fiber, aramid fiber, and
K2O · nTiO2) together, will melt or evaporate at a friction
surface temperature above its melting or boiling point. As a
result, this may lead to overwearing of pads. However, the
dust emission data regressed using eq 2 does cover the typical
braking conditions of urban districts.
Mass Fractions of Abrasion Dusts Originating from the
Disk or Pad. Brake abrasion dusts contain particles originating from both the disk and the pad. In order to evaluate
the exact Sb emission of brake abrasion dusts, the total
abrasion dusts must be separated into disk and pad wear.
In this estimation, the cast iron disk was assumed to be made
from 100% Fe and was used an indicator of disk wear. The
dust weight originating from disk wear (W disk) and pad wear
(W pad) can be distinguished from the total abrasion dust
weight (W dusts) by solving the following simultaneous eqs 3
and 4 which express dust and Fe mass balance.
Wdisk + Wpad ) Wdusts

(3)

[Fe]disk × Wdisk + [Fe]pad × Wpad ) [Fe]dusts × Wdusts

(4)

Wdusts was obtained by weighing the individual filter sample.
In eq 4, [Fe] disk (Fe mass concentration (%) in the disk) was
fixed as 100%. [Fe] pad (Fe mass concentration (%) in the pad)
was used as 0.12, 8.6, and 0.36%, for pads I, II, and III,
respectively, which were determined in our previous study
(16). From the elemental analysis of collected abrasion
dusts, [Fe] dusts was determined in the range of 22–31%,

32–35% and 29–40% for pads I, II, and III, respectively.
Consequently, the mass fraction of abrasion dusts originating
from the disk (F disk ) W disk/W dusts) (%) can be estimated to
be 28, 27, and 34% as an averaged value for pads I, II, and
III, respectively.
The elemental concentrations in the abrasion dusts
originating from the pad which were corrected to exclude
the fraction originating from the disk are listed in Table 3.
After correction of disk contribution, the elemental concentrations of abrasion dusts were found to equal those of
the bulk pads reported in our previous paper (16). Therefore,
Fdisk was precisely estimated, enabling the Sb emission factor
from automobiles to be determined.
Sb Emission Factor from Automobiles. The dust emission
could be regressed by the automotive braking parameters of
the initial kinetic energy loading to the friction surface and
the braking time (see Figure 4). Then, the emission factors
of brake abrasion dusts were calculated using eq 2 in the
several cases of typical braking conditions as shown in Table
4a. The estimated emission factors for the brake abrasion
dusts and Sb are listed in Table 4b. The emission factor of
abrasion dusts was estimated as the average value of 6.0
mg/braking/car. This emission factor corresponds to 5.8 mg/
braking/car for PM10 (97%, the averaged mass fraction of
PM10 for pad I was used.) and 3.9 mg/braking/car for PM2.5
(65%, the averaged mass fraction of PM2.5 for pad I was used.).
We confirmed that the elemental composition was independent to the particle size of brake abrasion dusts in our
previous work (16). Then, they were converted to Sb emission
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factors by using the pad mass fraction (72%; the subtraction
of the average disk mass fraction of 28% for pad I) and the
Sb concentration in the abrasion dusts originating from pad
I (0.78%; shown in Table 3). The Sb emission factors for the
respective cases were determined as approximately 32 µg
Sb/braking/car for PM10 and 22 µg Sb/braking/car for PM2.5
(Table 4b).
Any discussion of the generality of these estimated
emission factors should account for the uncertainties in the
determination procedure. The major uncertainties should
be the variation in emission amounts and Sb concentrations
among the different varieties of pads I, II, and III. As shown
in Table 2, a maximum of 43% of relative standard deviation
was observed in dust emissions among the three different
pads. Moreover, 41% of relative standard deviation was also
observed in Sb concentration among the three different pads
as shown in the Table 3. Therefore, the combined standard
uncertainty of the Sb emission factor was evaluated as 59%
with regard to these two major factors. Although there is
some large uncertainty with the Sb emission factor, our data
will be essential to the modeling of atmospheric Sb concentration alongside roadways and also to the evaluation of
Sb source apportionment.
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