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Brake wear is an important but unregulated vehicle-related source of atmospheric particulate matter
(PM). The single-particle spectral fingerprints of brake wear particles (BWPs) provide essential infor-
mation for understanding their formation mechanism and atmospheric contributions. Herein, we ob-
tained the single-particle mass spectra of BWPs by combining a brake dynamometer with an online
single particle aerosol mass spectrometer and quantified real-world BWP emissions through a tunnel
observation in Tianjin, China. The pure BWPs mainly include three distinct types of particles, namely, Ba-
containing particles, mineral particles, and carbon-containing particles, accounting for 44.2%, 43.4%, and
10.3% of the total BWP number concentration, respectively. The diversified mass spectra indicate complex
BWP formation pathways, such as mechanical, phase transition, and chemical processes. Notably, the
mass spectra of Ba-containing particles are unique, which allows them to serve as an excellent indicator
for estimating ambient BWP concentrations. By evaluating this indicator, we find that approximately 4.0%
of the PM in the tunnel could be attributable to brake wear; the real-world fleet-average emission factor
of 0.28 mg km�1 veh�1 is consistent with the estimation obtained using the receptor model. The results
presented herein can be used to inform assessments of the environmental and health impacts of BWPs to
formulate effective emissions control policies.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Road traffic emissions have been amajor focus of environmental
management efforts over the past several decades [1e3]. Legisla-
tion and technological innovation have been effective in terms of
driving down the emissions of exhaust PM2.5 (particulate matter
with aerodynamic diameter � 2.5 mm) [4e6]. However, non-
exhaust PM2.5 emissions, including brake wear, tire wear, and
road wear [7,8], are currently unrestricted and account for
increasing proportions of total road traffic emissions [9]. In addi-
tion, the implementation of electric vehicles may increase the
contribution of non-exhaust particles owing to the higher weight of
electric vehicles [10]. The United Kingdom's National Atmospheric
Emissions Inventory (NAEI) estimated that vehicular non-exhaust
PM emissions exceeded exhaust emissions in 2014 and have since
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continued to increase [11]. Moreover, non-exhaust particles may
have more considerable public health impacts than exhaust parti-
cles owing to their higher oxidative potential [12]. Therefore,
regulating non-exhaust emissions is crucial [13].

Brake wear is a key source of non-exhaust emissions, especially
in heavy traffic areas [14,15]. For example, Hasheminassab et al. [16]
found that brake wear particles (BWPs) contributed between 7.3%
and 19.1% of the total suspended particulate matter in Paramount,
California. According to the Air Quality in Europe-2019 Report, 7%
and 9% of the vehicle-related PM10 and PM2.5 emissions, respec-
tively, could be attributed to BWPs [17]. Jeong et al. [18] reported
that the contribution of brakewear to non-exhaust PM2.5 emissions
was higher at highway sites (64%) than at downtown sites (45%).
Grigoratos and Martini suggested that in urban environments,
BWPs accounted for up to 55% and 21% of the total non-exhaust and
traffic-related PM10 emissions, respectively [5].

BWPs are generated from the mechanical friction between the
brake pad and the rotating disc or drum during the vehicle braking
process [19,20]. Disc brakes, which comprise abradable brake pads
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Observation sites in the Wujinglu Tunnel.
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that run on brake discs, are currently the most common type of
braking system [21]. The brake linings include five components:
fillers, abrasives, reinforcing fibers, binders, and lubricants. The
chemical composition of commercial brake lining varies signifi-
cantly according to the brake pad specifications andmanufacturers,
thus leading to a wide range of BWP chemical compositions [5,22].
Studies have shown that BWPs is a significant source of redox-
active and toxic metals (e.g., Ba, Cu, Sb, Zr, Zn) in the atmosphere,
which can adversely affect public health [23,24].

Brake wear emissions are influenced by various factors,
including driving styles, braking intensity, brake temperature,
frictionmaterials, and quality of the brake system [25,26]. Themost
commonways to estimate brakewear-derived PM emissions are via
laboratory dynamometer experiments [27], on-board measure-
ments [28], or receptor modeling [29,30]. Currently, reliable
quantitative data related to brake wear emissions are limited. Brake
dynamometers have been used in previous BWP emissions studies
to determine the features of BWPs, but this approach cannot
accurately represent real-world braking conditions [31]. In
contrast, on-board measurements estimate emissions under real-
world driving conditions but can only represent BWP emissions
from limited vehicles, rather than a vehicle fleet [32]. Receptor
models, such as Positive Matrix Factorization (PMF) and Chemical
Mass Balance (CMB), have also been used to relate chemical
component data to the source contributions [8]. However, receptor
models are limited by the input parameters and have difficulty
separating individual non-exhaust sources (e.g., differentiating
brake wear from road dust) [33]. To date, few studies have accu-
rately quantified the contribution of brake wear to ambient PM
through real-world measurements [7,34].

Single-particle chemical composition analysis provides valuable
information for identifying the sources of particles in the atmo-
sphere. Single particle aerosol mass spectrometry (SPAMS) is
widely used to study source and ambient particles because it en-
ables instantaneous and simultaneous measurements of the aero-
dynamic diameter and chemical composition of individual particles
[35,36]. For example, Xu et al. [37] studied single-particle mass
spectral signatures and sizes of PM emitted when burning biomass
or coal. Chen et al. [38] used a SPAMS to compare ambient loess
particles with dust particles from different sources (e.g., urban
background, road, soil, and construction) to investigate the atmo-
spheric cycles of loess particles in urban areas. Yang et al. [39] used
SPAMS to group vehicular-emitted particles in a tunnel into four
categories: ECOC (elemental and organic carbon), NaK, Metal, and
PAHs (polycyclic aromatic hydrocarbons). Furthermore, source
apportionment methods based on SPAMS have been developed to
identify the origins of individual particles [40]. For example, Fu
et al. [41] used SPAMS in combination with an Art-2a neural
network algorithm to apportion the marine aerosols over the East
China Seas into secondary-containing, aged sea salt, soot-like,
biomass burning, fresh sea salt, and lead-containing particles.
Peng et al. [42] developed a new method (SPAMS-RM) that
employed the receptor model Multilinear Engine-2 (ME2) on the
dataset of SPAMS to identify particle sources. To date, SPAMS has
been used to analyze particles emitted from coal burning, dust,
industrial plants, and vehicle exhaust [43e45]. However, limited
information is available regarding single-particle spectra of BWPs
[46].

In this study, we investigated the single-particle mass spectra
features of BWPs by combining a brake dynamometer and SPAMS
and quantified real-world BWP emissions through a tunnel obser-
vation. We first characterized individual BWPs from laboratory
experiments to determine a suitable indicator for BWPs. Subse-
quently, we conducted a two-week SPAMS study in Tianjin, China,
to characterize atmospheric PM in a tunnel and identify BWPs in
2

the vehicle-dominated environment based on the mass spectral
fingerprints obtained in the laboratory experiments. Finally, we
established a method for quantifying the BWP concentration in the
tunnel and estimating the emission factor of brake wear. To our
knowledge, this study represents the first attempt to quantify the
contribution of BWP emissions based on online single-particle
measurements, and therefore the results presented herein pro-
vide a reference for accurate assessments and control of brake
emissions.

2. Materials and methods

2.1. Laboratory experiments investigating brake wear emissions

Braking testswere performed using a brake dynamometer at the
China Automotive Technology and Research Center. Because the
exact market share proportions of brake pads are currently un-
available, we selected brake pads based on the corresponding
market shares of vehicle brands in China. Five brake pad disc types
were evaluated in the brake wear testing experiments. These five
types of brake pads belonged to five distinct vehicle models in the
top market-share brands in China [47]. Therefore, we assumed that
the selected brake pads roughly represent the actual brake pads
used in the majority of the vehicle fleet in China. More information
about the five brake assemblies is presented in Table S1. During the
braking tests, we altered the driving conditions by changing the
initial speed and rate of deceleration. For each brake pad, 1400-s
orthogonal tests were performed at initial speeds of 40, 60, and
120 km h�1 and braking deceleration rates of 1, 2, 3, 5, and 7 m s�2.
Each braking test was repeated ten times for each disc-pad as-
sembly [27]. Particles generated during these braking tests were
collected and evenly mixed for subsequent SPAMS analysis. Details
related to the collection and treatment of BWPs are provided in the
Supplementary Materials.

2.2. Tunnel measurements

Two-week-long tunnel observations were conducted in the
Wujinglu Tunnel in Tianjin (117�1201500 E, 39�803100 N) between
August 27 and September 11, 2021 (Fig. 1). The tunnel is a three-
lane, about 1 km long urban tunnel with an average daily traffic
volume of 15000 vehicles and an effective cross-sectional area of
approximately 54 m2. The vehicle speed in the tunnel is limited to
40 km h�1. This tunnel is used by a high proportion of gasoline-
fueled vehicles, many of which are small private cars. During the
sampling period, the longitudinal jetting ventilation fan in the
tunnel was turned off. Therefore, tunnel ventilation was mainly
induced by the vehicles passing through the tunnel and the pre-
vailing wind.

Three sampling sites (#1, #2, and #3 in Fig. 1) were set up in the
Wujinglu Tunnel: the #1 site was approximately 45 m away from
the tunnel entrance; the #3 site was approximately 50 m from the
tunnel exit; and the #2 site was located between sites #1 and #3 at



J. Liu, J. Peng, Z. Men et al. Environmental Science and Ecotechnology 15 (2023) 100240
respective distances of approximately 560 and 370 m. Measure-
ment instruments were placed on the sidewalk on the left side of
the tunnel at each sampling site. The SPAMS instrument (Hexin
Analytical Instrument Co., Ltd., China) was placed at the #3 sam-
pling site to measure the chemical composition and aerodynamic
size of individual particles in the tunnel. During the observation
period, the PM2.5 (12-h samples) were continuously collected on
polypropylene filters with a flow rate of 100 L min�1 using
medium-volume air samplers (TH-150 A Tianhong, China) at the #1
and #2 sites. A total of 21 PM2.5 samples were obtained. The ele-
ments related to brake wear (e.g., Ba, Cu, Fe, Zn) were analyzed by
inductively-coupled plasma mass spectrometry (ICP-MS; Agilent
7900, USA). At the same time, real-time PM2.5 mass concentrations
were measured simultaneously by an air particulate matter
monitor (Pegasor AQTM Urban, Finland) at sites #1 and #2. After
the observations, the hourly number concentrations of particles in
the tunnel (as measured by SPAMS) were scaled using a scanning
mobility particle sizer (SMPS 3898 TSI, USA) and an aerodynamic
particle sizer (APS 3321 TSI, USA). The detailed process is described
in Section 2.4 (vide infra). Traffic data were measured using a
roadside laser loop detector (AxleLight RLU11, Aozer, China) and a
high-definition vehicle license plate recognition system (DS-
TCG225-KN, Hikvision Inc.). The traffic flow, average speed, and
vehicle types during the observation period are presented in Fig. S5.
The meteorological parameters, including the temperature (T),
relative humidity (RH), wind speed (WS), and wind direction (WD)
were measured at sites #1 and #2 using two automatic weather
stations (VAISALA WXT520, Finland). An ultrasonic gas flowmeter
(Flowsic-200 SICK MAIHAK, Germany) was installed at the #2 site
to measure the cross-sectional WS in the tunnel. The WD in the
tunnel was generally constant and remained consistent with the
direction of vehicle travel. The WS variations at the two sites were
also relatively consistent, and the VAISALA and Flowsic 200 mea-
surements showed good correlation (further information in the
Supplementary Materials). Gaseous pollutants (e.g., NO2, SO2, and
CO) were also measured simultaneously (Fig. S6).

2.3. Description of SPAMS

The operating principles of SPAMS have been reported previ-
ously [48,49]. Briefly, an aerodynamic lens is used as the particle
interface, through which aerosols are drawn into the internal vac-
uum. Then, the focused particle beam passes through two contin-
uous diode ND:YAG laser beams (532 nm) to determine the
aerodynamic sizes of single particles. Subsequently, particles are
ionized at the center of the ion source by a pulsed Nd:YAG laser
(266 nm) to produce positive and negative ion fragments, which
are analyzed via time-of-flight mass spectrometry. Thus, SPAMS
can simultaneously detect the chemical compositions and particle
diameters of single-particle aerosols in the range of 0.2e2.0 mm.

The collected SPAMS datasets were input into the Computa-
tional Continuation Core (COCO V1.4_p) toolkit based on MATLAB
software for analysis and processing. An Adaptive Resonance The-
ory Neural Network Algorithm (ART-2a) was used to classify the
pure BWPs. The parameters for the ART-2a analysis included a
vigilance factor of 0.85, a learning rate of 0.05, and a maximum of
20 iterations. This algorithm could automatically group similar
particles into the same category according to the type and intensity
of their ion peaks in the particle mass spectrum.

2.4. Correction and quantification of SPAMS data

Despite its various advantages in terms of real-time single par-
ticle analysis and source identification, SPAMS has certain limita-
tions related to the quantitative analysis of aerosols [50]: (1) its
3

ability to transport particles through the interface and detect the
particles with two continuous sizing laser beams (transmission
efficiency); (2) the different ratios of ionized particles (creating
mass spectra) to sized particles during different periods (i.e., hit
efficiency); and (3) the different detection sensitivities of the mass
spectral ion signals for different chemical substances. Nevertheless,
some studies have successfully obtained quantitative information
from SPAMS by scaling and correcting the particle counts and ionic
strengths by implementing reference instrument measurements
(e.g., SMPS or APS) with hourly or higher time resolution [50,51].
The scaling approach used in this study considered two key pa-
rameters: the transmission efficiency and hit efficiency [50,52,53].

The transmission efficiency was determined by comparing the
number concentrations of particles measured by SPAMS with those
simultaneously measured by SMPS and APS. This strategy is effec-
tive because SMPS measures the electrical mobility diameter,
which is different from the aerodynamic diameter measured by
SPAMS and APS. To enable proper comparisons, the particle di-
ameters obtained by SMPS were converted into aerodynamic di-
ameters using equation (1) [54],

Da¼Dm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CDm,reff
CDa,r0

s
(1)

where Da is the aerodynamic diameter; Dm is the electrical
mobility diameter; CDm and CDa are the Cunningham slip correction
factors of the electrical mobility diameter and aerodynamic diam-
eter, respectively; r0 is the standard density (1 g cm�3); and reff is
the effective density. Effective density typically reflects the average
density and shape of the particles [55]. In this study, a density of
reff ¼ 1.7 g cm�3 was used, which is consistent with the results of
previous aerosol density studies in Chinese cities, including Beijing
and Shanghai [56,57]. After converting the SMPS-derived di-
ameters, the SMPS and APS size distribution dataweremergedwith
the overlapping part of the size distribution obtained from SMPS
data (Fig. S2).

The hourly particle number concentrations from SPAMS analysis
were divided into 18 bins from 0.2 to 2.0 mm (Da), and the trans-
mission efficiency (1/E) of each bin was calculated. Specifically, the
number concentrations of the first seven SPAMS bins (from 0.2 to
0.9 mm) were compared with SMPS data, and the last 11 bins (from
0.9 to 2.0 mm) were compared with APS data. To complete this
analysis, the SMPS and APS particle size bins were merged, and the
time resolution of the data was converted to 1 h. The inverse par-
ticle transmission efficiency (E) of SPAMS was calculated using
equation (2):

Eb ¼
Nb;SMPS&APS

Nb;SIZE
(2)

whereNb,SMPS&APS is the number concentration of SMPS or APS, and
Nb,SIZE is the SPAMS number concentration in a given size bin b.

Considering the particle loss during the “diameter-ionization”
process, the hit efficiency (H) during each hourwas calculated using
equation (3) to indirectly correct the chemical deviation of the
SPAMS data,

Hb ¼
Nb;mass

Nb;SIZE
(3)

where Nb,mass and Nb,SIZE are the numbers of particles with mass
spectra and particle size information obtained in a given size bin b.
Studies have demonstrated that the chemical composition and
particle size of aerosols have a significant influence on H [51];
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moreover, H is also affected by meteorological factors, such as
temperature and humidity [50].

As suggested by Zhou et al. [50], we used the obtained E and H
parameters to scale the SPAMS data and convert the particle vol-
ume measured by SPAMS into the “ambient” particle volume. Par-
ticle volume can be calculated using equation (4),

Vks ¼
X18
b¼1

P
iVi;k;b

Hb
Eb (4)

where Vks is the volume concentration of ambient particles con-
taining component k; Hb and Eb are the average hit efficiency and
inverse transmission efficiency in bin b, respectively; and Vi,k,b
represents the volume of an individual particle i containing species
k in bin b, which can be calculated using equation (5):

Vi ¼
p

6
Dm3 (5)

To obtain mass concentration datasets of particles with a time
resolution of 1 h, the volume concentration was converted into
mass concentration using equation (6),

Cks ¼ r,Vks (6)

where Cks is the mass concentration of ambient particles containing
component k, and r is the density of particles. In these calculations,
we used density values of 1.7 g cm�3 for ambient PM, 2.5 g cm�3 for
Ba-containing particles and mineral particles, and 1.4 g cm�3 for
carbon-containing particles [58e60].

Owing to instrumental limitations, the scaled SPAMS data only
cover the size range of 0.2e2.0 mm, which introduces uncertainty
when comparing PM2.5 filter data. Herein, we assumed that the
proportion of Ba-containing particles by number in the range of
2.0e2.5 mm was equal to that in the range of 1.5e2.0 mm. On the
basis of this assumption and considering the particle concentra-
tions measured by APS in the range of 2.0e2.5 mm, we computed
the number and volume concentrations of PM and Ba-containing
particles in this size range. Therefore, the scaled particles were
approximately extended from PM2.0 to PM2.5.

2.5. Mass concentration and emission factor calculations

The results of laboratory experiments identified Ba-containing
particles as a good indication of BWPs that can be used to esti-
mate brake wear emissions. The concentration of BWPs in the
tunnel was calculated by multiplying the scaling factor by the mass
concentration of Ba-containing particles according to equations (7)
and (8),

CBrake ¼ CBa�containing � Fscaling (7)

Fscaling¼1
.
R (8)

where CBrake and CBa-containing are the mass concentrations of BWPs
and Ba-containing particles in the tunnel, respectively (CBa-containing
was converted from the Ba-containing particle concentration
measured by SPAMS using the quantitative method described in
Section 2.4); and Fscaling is the scaling factor, which was determined
based on the mass proportion of Ba-containing particles in pure
BWPs measured in the laboratory (R).

The BWP concentration increments at the #3 site compared
with the #2 site were used to calculate the real-world average fleet
emission factor because they reflected the concentrations of par-
ticles originating from the internal sources of the tunnel.
4

Specifically, the emission factor of brake wear was calculated using
the following distance-based equation [61,62],

EFfleet ¼
�
CBrake #3 � CBrake #2

�� A� v� t
N � L

(9)

where EFfleet is the emission factor of brake wear (mg km�1 veh�1);
CBrake_#3 is the BWP concentration at site #3 (mg m�3), as calcu-
lated using equation (7); CBrake_#2 is the BWP concentration at site
#2 (mg m�3), as calculated using equations (10) and (11), below; A
is the cross-sectional area of the tunnel (54m2); v is thewind speed
parallel to the tunnel (m s�1); t is the sampling duration (s); N is the
total number of vehicles passing through the tunnel during the
sampling period; and L is the distance between sites #2 and #3
(370 m).

This study assumed that the PM emitted by vehicles in the
tunnel was uniform and the proportion of Ba in BWPswas relatively
stable. Considering these assumptions and the filter sampling data
at sites #1 and #2 sites, we can compute CBrake_#2 using equations
(10) and (11),

CBa #2 � CBa #1

l1
¼CBa #3 � CBa #2

l2
(10)

CBa #2

CBrake #2
¼ CBa #3

CBrake #3
(11)

where CBa_#1 and CBa_#2 represent the mass concentrations of Ba in
PM2.5 at sampling sites #1 and #2, respectively; CBa_#3 is the Ba
mass concentration at site #3, which was calculated using equation
(10); l1 is the distance between sites #1 and #2 (560 m); and l2 is
the distance between sites #2 and #3 (370 m).

3. Results and discussion

3.1. Single-particle chemical profiles of BWPs

A total of 24090 pure BWPs were observed by SPAMS, approx-
imately 7.2% of which were detected by the mass spectrometer for
both positive and negative spectral measurements. Fig. 2 shows the
size distribution and averaged mass spectra of the pure BWPs. For
BWPs with size information (Fig. 2a), the peak appeared at
0.5e0.6 mm. Notably, the particle size distribution measured by
SPAMS could differ slightly from the real situation because of the
size-dependent detection efficiency of the method [44]. In the
averaged mass spectra (Fig. 2b), 23Naþ, 24Mgþ, 27Alþ, 39Kþ, 40Caþ,
and 56Feþ were the major signals in the positive SPAMS mass
spectrum, and 16O�, 19F�, 24C2

�, 26CN�, 63PO2
�, and 79PO3

� were the
dominant signals in the negative spectrum. The mass spectral
features of BWPs differ significantly from those of vehicle exhaust
particles, which contain abundant carbon signals attributed to
organic fragments and elemental carbon clusters [43]. In particular,
the presence of certain Ba-ion signals (138Baþ, 154BaOþ, 157BaFþ) in
the positive spectrum differentiates the spectrum from that of
other known sources. Beddows et al. [46] used aerosol time-of-
flight mass spectrometry (ATOFMS) with two inlet configurations
(i.e., aerodynamic lens inlet and countersunk nozzle inlet) to
sample BWPs. Consistent with our results, they observed peaks
corresponding to 27Alþ, 39Kþ, 56Feþ, 138Baþ, 154BaOþ, 63PO2

�, and
79PO3

� in the averaged mass spectrum.
To better understand the chemical characteristics and formation

mechanism of BWPs, Art-2a was used to classify the pure BWPs
detected with mass spectral information. Three types of BWPs (i.e.,
Ba-containing particles, mineral particles, and carbon-containing
particles) were identified, as illustrated in Fig. 3. The mass
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spectrum of Ba-containing particles is characterized by strong
positive peaks corresponding to metal components, including
23Naþ, 24Mgþ, 27Alþ, 39Kþ, 40Caþ, 56Feþ, and Ba signals (138Baþ,
154BaOþ, and 157BaFþ), and negative signals corresponding to
26CN�, 63PO2

�, and 79PO3
� (Fig. 3a). The spectrum of mineral particles

contains strong peaks associated with 23Naþ, 24Mgþ, 27Alþ, 16O�,
19F�, 24C2

�, and 26CN� ions and weak peaks corresponding to 40Caþ

and 56Fe þ ions (Fig. 3b). The mass spectrum of carbon-containing
particles is distinguished by the dominant presence of organic
fragment peaks in both the positive and negative ion spectra,
including higher-intensity signals for 24C2þ, 25C2Hþ/�, 27C2H3

þ/�, and
39C3H3

þ.
The three particle types described above account for 97.9% of the

BWPs in number, such that Ba-containing particles, mineral parti-
cles, and carbon-containing particles account for 44.2%, 43.4%, and
10.3%, respectively (Fig. 4a). Ba-containing particles and mineral
particles account for a relatively large proportion of the particles in
the size range of 1e2 mm (Fig. 4b). Additionally, the proportion of
mineral particles (which may be generated from abrasives in the
brake pads) increases with increasing particle size. In contrast, the
fraction of carbon-containing particles is higher among particles
with diameters less than 1 mm, and their proportion among parti-
cles with diameters of 0.2e0.5 mm is three times higher than that
among particles with diameters of 1.5e2.0 mm. These differences in
the particle size distribution indicate the diversified formation
mechanisms of BWPs.

The chemical composition of BWPs largely depends on the
material and specifications of brake pads, which are typically
composed of steel fibers, graphite, wear-resistant agents, and resins
[63]. For example, steel fibers (i.e., Fe) are the most abundant fric-
tion materials used in brake pads because they provide mechanical
strength to the friction lining. Graphite is usually used as a lubri-
cant, which affects the wear characteristics of the lining. Aluminum
oxide (Al2O3) and iron oxide (Fe2O3) are the most common abrasive
components. Barium sulfate (BaSO4), magnesium oxide (MgO), and
calcium carbonate (CaCO3) are commonly used inorganic filler
5

materials that improve thermal and noise pad properties [5]. These
chemical substances coexist in most brake pads and, as a result,
they represent the major components of BWPs (see Fig. 2).

The materials in the brake pads are not homogeneously
distributed, but rather, they exist as a mixture of many different
ingredients. During a braking event, various BWP generation
mechanisms, such as mechanical wear, coagulation, and/or chem-
ical processes, produce particles with distinct chemical composi-
tions [8]. For example, coarse particles are mainly produced by
mechanical processes [64]. Mineral particles account for a signifi-
cant proportion of large particles, which may mainly be derived
from mechanical wear caused by braking. In addition to the me-
chanical wear process, the friction heat between the pads and
rotating discs can release organic vapors. For example, our group's
previous work indicated that volatilization and condensation of
organic components in brake pads can significantly increase the
production of nanoparticles during braking [27]. The present study
also observed a high proportion of carbon-containing particles with
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diameters � 0.5 mm, indicating that these particles may form
following the coagulation of nanoparticles generated from organic
vapors.

Studies have shown that Ba rarely exists in PM derived from
other sources, and therefore the presence of Ba-containing particles
can be used as a reliable indicator of brake wear [5,65]. In the
present study, Bawas selected as a quantitative indicator to identify
BWPs in the tunnel monitored by SPAMS. We used the densities of
2.5, 2.5, and 1.4 g cm�3 to convert the SPAMS-determined numbers
of Ba-containing, mineral, and carbon-containing particles in pure
BWPs into mass values. The converted masses of these particle
types accounted for 35.1%, 54.9%, and 9.1% of the total mass con-
centration, respectively. The Fscaling was obtained from the mass
proportion of Ba-containing particles in pure BWPs measured in
the laboratory. The pure BWPs included 35.1% Ba-containing par-
ticles, corresponding to an Fscaling of 2.8 (equation (8)), which was
multiplied by the concentration of Ba-containing particles in the
tunnel (measured by SPAMS) to determine brake wear-derived
concentrations in the following calculation.

3.2. Features of ambient particles in the tunnel

During the tunnel observation period, a total of 6.9 million
particles were detected by SPAMS, of which 691658 particles
contained positive and negative ion spectral information (average
hit efficiency ¼ 10.0%). The averaged mass spectra of the particles
inside the tunnel are shown in Fig. 5. In the positive spectrum, the
strongest signal corresponds to 39Kþ, which is likely because of the
high sensitivity of SPAMS to alkali metals [37]. The other dominant
ions in the positive spectrum are EC (elemental carbon)-related
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fragments (e.g., 12Cþ, 36C3
þ, 48C4þ, and 60C5

þ), which likely origi-
nated from vehicle exhaust emissions. Meanwhile, an 56Fe þ signal
appeared in the spectrum, indicating significant contributions from
brake wear and road dust particles. The negative spectrum mainly
includes EC-related fragments (24C2�, 36C3

�, and 48C4
�) and secondary

inorganic ions (46NO2
�, 62NO3

�, and 97HSO4
�), suggesting a significant

influence of ambient aerosols on particles inside the tunnel.
According to the laboratory analysis, Ba-containing particles in

the tunnel were identified by the marker ion at m/z ¼ 138 (Baþ),
with a relative peak area larger than 0.5% of the total signals in the
mass spectrum. Through this method, almost 4000 Ba-containing
particles were detected during the tunnel observation, accounting
for 0.5% of the total particles with mass spectral information. The
averaged mass spectra and size distributions of Ba-containing
particles are presented in Fig. 6. The specific signals correspond-
ing to Ba (138Baþ, 154BaOþ) were clearly observed (Fig. 6a). The
positive ion spectrum is dominated by strong 23Naþ, 24Mgþ, 27Alþ,
39Kþ, 40Caþ, 56Feþ, 138Baþ, 154BaOþ and carbonaceous (12Cþ, 36C3

þ)
peaks. Dominant peaks in the negative ion spectrum include sec-
ondary inorganic species (46NO2

�, 62NO3
�, and 97HSO4

�), followed by
16O�, 24C2

�, 26CN�, 36C3
�, 42CNO�, 63PO2

�, 79PO3
�, and 88FeO2

�. The Ba-
containing particles were mainly smaller than 1 mm in diameter
(peak between 0.5 and 0.6 mm) (Fig. 6b), which is consistent with
the results of the laboratory experiment (Fig. 2a). Additionally, the
proportion of Ba-containing particles increases in the larger size
ranges, indicating that brake wear emissions likely contribute more
to the formation of larger particles. Considering that Ba-containing
particles observed inside the tunnel and in the laboratory exhibit
similar mass spectral features and size distributions, it should be
feasible to use Ba-containing particles measured by SPAMS as a
quantitative indicator of BWPs in ambient air.

3.3. Quantification of BWP emissions under real-world conditions

The quantification of brake wear emissions in this work mainly
involved three steps. First, the concentrations of Ba-containing
particles and total particles (herein considered as PM2.5)
measured by SPAMS in the tunnel were scaled and converted into
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mass concentrations. Then, the BWP concentration and contribu-
tion to PM2.5 in the tunnel environment were estimated based on
the mass proportion of Ba-containing particles in pure BWPs
determined in the laboratory experiment. Finally, a real-world
fleet-averaged emission factor was determined by combining
SPAMS data with filter data.

Themass concentration conversionmethod described in Section
2.4 was used to transform SPAMS data during the tunnel observa-
tion experiment. The average inverse particle transmission effi-
ciencies (E) and hit efficiencies (H) of each size bin obtained in this
study are presented in Fig. 7. We removed the hourly data with less
than five particles in each particle size bin and were left with a total
of 120 h of data to compute “E" (Fig. 7a) and 355 h of data to
compute “H” (Fig. 7b). After scaling by “E" and “H”, the particle
volume (“size”) measured by SPAMS was converted to the real
ambient particle volume (equation (4)). Then, appropriate particle
densities (2.5 g cm�3 for Ba-containing particles and 1.7 g cm�3 for
ambient PM) were selected according to previous studies
[58,59,66], and the volume concentration was converted into mass
concentration (equation (6)). The mass concentrations of total
particles (PM2.5) and Ba-containing particles obtained following the
conversion were 47.34 and 0.68 mg m�3, respectively. Finally, by
multiplying the Fscaling (2.8; see Section 3.1) by the mass concen-
tration of Ba-containing particles, the average BWP concentration
in the tunnel during the sampling period was calculated to be
1.9 mg m�3, accounting for 4.0% of PM2.5. This proportion was
consistent with that calculated using the receptor model, which
1
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Fig. 7. a, Inverse transmission efficiency determined by SMPS and APS
(size ¼ 0.2e2.0 mm, average Eb in each size bin b, n ¼ 120). b, Hit efficiency, defined as
the ratio between the particles with mass spectral information (Nb,mass) and the par-
ticles with size information (Nb,SIZE) (hourly Hb in each size bin b, n ¼ 355).
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indicated that brake wear contributed to 1e5% of PM2.5 [30].
The BWP concentration at site #3 was measured and quantified

based on SPAMS data (average concentration ¼ 1.9 mg m�3). The
proportion of Ba in the BWPs was assumed to be relatively stable,
and the vehicle emissions in the tunnel were uniform. By
combining the above results with filter data from sites #1 and #2,
we estimated the average fleet brake wear emission factor to be
0.28 mg km�1 veh�1 (equations (9)e(11)), which is consistent with
results obtained using CMB in our previous study (Table 1) [30].

The chemical compositions of filter-based PM2.5 at sites #1 and
#2 were used to evaluate the quantitative SPAMS results for
ambient BWPs. A summary of the mean effective concentrations of
PM2.5 and elements at the two sites, as well as the associated mean
increments and enhancement factors, are presented in Fig. S8 and
Table S3. The concentrations of elements related to brake wear
emissions (i.e., Ba, Cu, Fe, and Zn) are higher at site #2 than at site
#1 with similar enhancement factors (Table S3), indicating that
they may share similar source profiles in the tunnel. The pro-
portions of Ba in PM2.5 at sites #1 and #2 are 0.048% and 0.065%,
respectively. According to a recent study from our group, which
analyzed the chemical composition of PM2.5 in BWPs emitted by six
types of brake pads with high market shares in China, the pro-
portion of Ba in BWP PM2.5 was determined to be 4.9%
(48.84 mg g�1) [27]. Using this Ba to PM ratio, the concentrations of
BWPs at sites #1 and #2 were calculated as 0.37 and 0.65 mg m�3,
accounting for 1.0% and 1.3% of PM2.5, respectively. These values are
comparable to the results obtained using SPAMS at site #3.

The BWP emission factor of the average fleet determined in this
work is lower than that of previous dynamometer tests and the
emission inventory results from the European Environment Agency
(EEA), United States Environmental Protection Agency (USEPA), and
National Atmospheric Emissions Inventory (NAEI) (Table 1). A
reason for this discrepancy could be the relatively low frequency of
braking in the tunnel compared with that in typical urban traffic
conditions [4]. Nevertheless, our work quantified real-world BWP
emissions by adopting a new perspective, namely, using SPAMS,
thus providing an important reference for accurate assessments of
brake wear emissions.
4. Conclusions

The single-particle mass spectral features and real-world
emissions of BWPs were obtained using SPAMS. The main conclu-
sions of this study are as follows:

(1) Pure BWPs mainly included Ba-containing particles, mineral
particles, and carbon-containing particles, accounting for
44.2%, 43.4%, and 10.3% of the total BWPs number concen-
tration, respectively. Larger particles mostly comprised Ba-
containing particles and mineral particles, which were
mainly produced by mechanical processes. In contrast, the
proportion of carbon-containing particles was higher in the
size range of � 0.5 mm, indicating that these particles may be
generated from the volatilization and condensation of
organic vapors.

(2) The Ba-containing particles in the tunnel were identified
based on the indicator ion at m/z ¼ 138 (Baþ). Ba-containing
particles detected inside the tunnel and in the laboratory had
similar mass spectral features and size distributions, indi-
cating that Ba-containing particles could serve as a quanti-
tative indicator of BWPs in ambient air. According to the
experimental results and tunnel measurements, a new
method for quantifying real-world BWP emissions using
SPAMS was established.



Table 1
Comparisons of brake wear PM2.5 emission factors (mg km�1 veh�1).

Measurement/Data source Method Emission factor Reference

Tunnel Measured directly 0.28 This study
Tunnel CMB 0.2 ± 0.1 [30]
Roadside CMB 0e5 [67]
Brake dynamometer Measured directly 1.8e2.8 [68]
Brake dynamometer Measured directly 3.9 [69]
Brake dynamometer Measured directly 0.04e1.2 [19]
Brake dynamometer Measured directly 0.2e1.2 [70]
Emission inventory COPERT 2.9 [71]
Emission inventory MOVES 2.3 [72]
Emission inventory COPERT 3 [73]
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(3) The average BWP concentration in the tunnel was 1.9 mgm�3,
which corresponded to approximately 4.0% of the PM2.5 in
the tunnel. Combining SPAMS measurements with filter data
allowed us to estimate that the average fleet brake wear
emission factor was 0.28 mg km�1 veh�1, which was
consistent with the results obtained using the CMB model.

Despite these positive conclusions, this study also had certain
limitations. For example, different types of brake pads may
generate different proportions of Ba-containing particles, which
could introduce uncertainty into the scaling approach. Additionally,
there are few direct measurements of BWP density, which might
lead to uncertainty in our diameter conversion and mass calcula-
tions. Future investigations into these aspects would further
improve the reliability of the evaluation results. Nevertheless, this
study presents a new perspective for investigating the single-
particle properties of BWPs and estimating their contributions to
ambient PM based on single-particle information. The proposed
method could significantly reduce the uncertainty associated with
estimating BWP contributions, particularly in complex atmospheric
environments. More importantly, information related to the single-
particle mass spectra provides an important reference for assessing
the health risks of BWPs and the potential heterogeneous chemical
processes involving BWPs, both of which are highly influenced by
the single-particle chemical composition [74]. This information is
crucial considering the rising contribution of BWPs in urban at-
mospheres worldwide [9]. Future applications of this approach are
not limited to tunnel observations; it can also be extended to BWP
measurements under diverse atmospheric conditions, such as
roadside, street canyon, and urban background environments.
Additional research results using this approach will guide central
and local governments in developing BWP control measures.
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