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HIGHLIGHTS GRAPHICAL ABSTRACT

•Comparative investigation of BWP in 
dynamometer experiments and real- 
world conditions
•SPMS classied BWP into Ba-containing, 
K-rich, and carbonaceous particle 
groups.
•SPMS and SEM-EDX show complemen-
tary elemental signals for BWP particles.
•Ba-containing particles were proposed 
as robust chemical tracers for BWP.
•Tunnel measurements revealed 6 % of 
detected particles from SPMS as BWP.
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ABSTRACT

Non-exhaust trafc emissions have recently attracted attention due to their increasing contribution to ambient 
particulate matter (PM). Brake wear particles (BWP) are of particular concern among different non-exhaust 
emissions owing to their high content of heavy metals. Despite ongoing research and emerging regulatory 
frameworks, detailed insights into the physicochemical properties of BWP at the single-particle level remain 
limited.
A single-particle mass spectrometer (SPMS) was used in combination with a brake dynamometer to charac-

terize pure BWP and conrmed using scanning electron microscopy energy dispersive X-ray spectroscopy (SEM- 
EDX). Three main particle types were identied: Ba-containing particles, K-rich particles containing organic 
matter, and carbonaceous particles. The distinct mass spectral signatures reect the formation pathways 
including mechanical frictional wear and thermal degradation processes. Ba-containing particle group was 
conrmed as a suitable chemical tracer, allowing extension of the laboratory ndings to ambient environments 
through measurements at a highway tunnel entrance and an urban background station in Munich, Germany. 
Approximately 6 % of detected PM was attributed to brake wear emissions. The presence of BWP at the back-
ground monitoring station demonstrated their chemical resilience and transport potential over a distance of ~1 
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km. Notably, both laboratory and ,eld measurements revealed minor signals of traditional toxic brake pad 
constituents such as Cu and Sb, suggesting a shift toward alternative materials in modern brake pad formulations. 
Our results emphasize the need to integrate BWP into air quality monitoring and regulatory frameworks, 
particularly using chemically speci,c tracers to better understand their environmental and health impacts.

1. Introduction

As regulatory efforts led to signi,cant reductions in tailpipe emis-
sions from internal combustion engines (Giechaskiel et al., 2014), 
attention has increasingly shifted toward non-exhaust vehicle-related 
particulate emissions (NEE). These emissions, which include brake 
wear, tire wear, road surface abrasion, and resuspended road dust, have 
emerged as dominant contributors to urban particulate matter (PM), 
especially in the PM10 and PM2.5 size fractions (Grigoratos and Martini, 
2014). Recent studies have also demonstrated that NEE particles can be 
in the ultra,ne size range (UFP, particle diameter < 100 nm) 
(Neukirchen et al., 2025). Among various NEEs, brake wear particles 
(BWP) have gained growing concern due to their small size and chem-
ically complex composition. These particles are generated through the 
mechanical abrasion and thermal degradation of brake pad and disc 
materials, which have been reported to account for up to 16� 55 % of 
PM10 emissions in urban environments (Piscitello et al., 2021). As the 
transition to electric vehicles reduces tailpipe emissions, the relative 
contribution of NEEs to the total road traf,c-related emissions is ex-
pected to increase, particularly due to heavier vehicle weight (Wagner 
et al., 2024).

Fine particulate matter from BWP consists of a heterogeneous 
mixture of metals (e.g. Fe, Cu, Zn, Sn, Sb), carbonaceous material, 
oxidized organics (Grigoratos and Martini, 2014). Due to their chemical 
composition and small size, which enables them to remain suspended in 
air and to be inhaled deeply into the respiratory tract, they have been 
considered to induce oxidative stress as well as pro-in:ammatory effects 
(Gasser et al., 2009). Recent toxicological studies have also shown that 
BWP can induce not only oxidative stress and in:ammation responses, 
but also DNA damage in mammalian models (Forest and Pourchez, 
2023). Furthermore, BWP are often rich in transition metals such as Fe 
and Cu, which have been associated with cytotoxicity as well as pul-
monary in:ammation (Barosova et al., 2018). In addition, BWP have 
been found to be a potential threat to the environment, acting as major 
contributors to atmospheric Cu and to the contamination of ocean wa-
ters (Rosselot, 2005; Hulskotte et al., 2007). Despite various risks, BWP 
are not yet speci,cally subject to dedicated emission regulation in most 
countries. Upcoming standards such as EURO 7 aim to reduce BWP re-
leases by introducing limit values for brake PM emissions, with proposed 
thresholds of 7 mg/km for light-duty vehicles and 3 mg/km for electric 
vehicles (Dornoff and Rodríguez, 2024).

To understand the physical and chemical characteristics of BWP, 
previous studies have investigated both laboratory and real-world 
measurements. Laboratory dynamometer studies have shown that 
driving cycle, brake temperature, and drag strongly in:uence BWP 
emissions. Wahlström et al. (2017) conducted a detailed laboratory 
study using a pin-on-disc tribometer to investigate the wear and 
airborne particle emissions from various disc brake contact material 
combinations, emphasizing that targeted material designs, especially 
disc surface engineering, can substantially lower NEE under controlled 
laboratory conditions. Farwick zum Hagen et al. (2019a) found that UFP 
emissions occurred only when critical disc temperatures of 140� 170 � C 
were exceeded, while 34 % of the PM mass might be attributed to the 
brake drag even without active braking. Liu et al. (2023) demonstrated 
both laboratory and ,eld measurement of BWP in a tunnel using a 
single-particle mass spectrometer (SPMS). While tunnel particles were 
directly sampled into the SPMS, laboratory-generated BWP were 
collected and resuspended in a :ask and subsequently analyzed by 
SPMS. Durif et al. (2025) recently applied a pin-on-disc tribometer 

combined with a real-time proton-transfer reaction time-of-:ight mass 
spectrometer, highlighting the importance of gaseous emissions in 
addition to particulate mass in understanding NEE. The release of VOCs 
from brake pads was also demonstrated by Patel et al. (2024), showing 
that pyrolysis of phenolic resin binders can undergo photooxidation and 
form secondary particulate matter in oxidation :ow reactors. Hence, 
BWP contribute not only to primary PM but can also lead to secondary 
aerosol formation. Complementary ,eld work has emphasized the role 
of real driving dynamics. Al Wasif-Ruiz et al. (2025) recently measured 
BWP directly from a passenger vehicle during on-road braking events 
using a mobile laboratory. The study shows that high UFP concentra-
tions are observed during harsh braking events, which can be attributed 
to brake pads and brake discs-based particles according to elemental 
analysis. Farwick zum Hagen et al. (2019b) also conducted on-road 
measurements using a cone-shaped collector mounted on the outer 
rim on a closed test track, highlighting the relevance of pad aging in 
terms of lower UFP emissions and con,rming the signi,cance of real- 
world driving dynamics on emission pro,les. While these previous 
studies have provided important insights into freshly emitted BWP, 
including their physical and chemical characteristics and toxicological 
effects, comparatively fewer investigations have focused on resuspended 
BWP, which can persist on road surfaces and can be transported over 
longer distances. According to Harrison et al. (2012), resuspended road 
dust can contribute substantially to the coarse particle mass fraction, 
accounting for around 38 % at a heavily traf,cked roadside site in 
London. In the absence of precipitation and under low-wind conditions 
such resuspended particles can persist on the road surface for extended 
periods and are thus available for continuous re-entrainment by passing 
vehicles. However, due to the dif,culties of separation owing to the 
complex mixture of atmospheric particles and different emission sour-
ces, speci,c source apportionment of airborne PM with resuspended 
particles remains a key challenge in urban environments, particularly in 
traf,c hotspots. While exhaust emissions can often be assigned by 
several independent markers such as NOx, CO, black carbon through 
established measurement techniques, NEE generally require a detailed 
breakdown of the chemical particle composition. SPMS has emerged as a 
powerful technique for this purpose, offering molecular-level chemical 
identi,cation and sizing of individual particles with high temporal 
resolution. A recent study by Passig et al. (2022) showed its capability to 
differentiate between various combustion sources including biomass 
burning, diesel traf,c, marine emissions based on simultaneous detec-
tion of inorganic and organic constituents. This capability enables real- 
time source apportionment, effectively overcoming limitations of con-
ventional bulk ,lter analysis and making it particularly suitable for 
separating complex urban mixtures where brake wear, tire wear, and 
road dust frequently overlap.

In this study, we present a comparative analysis of BWP under two 
distinct scenarios. First, BWP were generated under controlled brake 
dynamometer conditions, closely following those de,ned by the GTR24 
and the Worldwide harmonized Light Vehicle Test Procedure (WLTP) 
brake cycle. Airborne particles were directly measured using SPMS and 
other particle characterization instruments to obtain a comprehensive 
pro,le of their chemical and physical properties. These were compared 
using single-particle scanning electron microscope combined with en-
ergy dispersive X-ray spectroscopy (SEM-EDX) analysis of ,lter samples. 
Second, ambient particles were measured in close proximity to a high-
way tunnel entrance, where frequent heavy braking is expected due to a 
reduced speed limit, and at an urban background station to assess the 
potential atmospheric transport of these particles.
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By investigating BWP characteristics under standardized, reproduc-
ible conditions, we minimized the in:uence of potentially disturbing 
factors such as meteorological variations and overlapping with other 
traf,c emissions. This approach allowed us to develop distinctive 
spectral ,ngerprints for BWP validated under real-world conditions and 
to contribute to the growing needs for source-resolved air quality data, 
which is crucial for improving health risk assessments, urban planning 
strategies, and future regulatory frameworks.

2. Material and methods

2.1. Laboratory measurements

2.1.1. Brake dyno setup and test cycle procedure
Brake particle measurements were carried out on a custom-built 

dynamometer designed in accordance with the technical requirements 
speci,ed in GTR (Global Technical Regulation) No.24 as de,ned by the 
particle measurement program (UNECE, 2024). The setup incorporates a 
constant volume sampler (CVS) and isokinetic sampling probes to 
maintain stable and representative air:ow conditions. The brake hard-
ware, including the rotor, caliper, and pad materials, as well as the pre- 
conditioning and operational procedures, were identical to those 
described by Neukirchen et al. (2025). To emulate on-road braking 
behavior, the Worldwide harmonized Light vehicles Test Procedure 
(WLTP) brake cycle was applied. All experiments used original equip-
ment manufacturer (OEM)-supplied 330 mm � 24 mm vented braked 
discs and caliper suitable for a 17-inch wheel assembly. Low-metallic 
(LM) brake pads were installed for the measurements. The brake disc 
temperature was monitored by thermoelements (positioned according 
to GTR24 speci,cations) at a data acquisition rate of 10 Hz.

The WLTP cycle consists of 303 individual braking events distributed 
over 10 trips. In compliance with GTR24, at least ,ve complete WLTP 
cycles were performed to pre-condition new discs and pads prior to data 
collection. The pre-conditioning process ensures the formation of a 
stable friction layer on the disc surface and stabilizes the friction coef-
,cient, which is critical for achieving representative and repeatable 
brake wear particle emissions and braking behavior (Grigoratos and 
Martini, 2015). During a cycle, the temperature of the disc was moni-
tored until it dropped below 40 � C before a new trip was started, which is 
de,ned as soak time. Cooling air :ow rates were adjusted in line with 
GTR24 by determining the ratio of wheel load to disc mass and verifying 
brake temperatures. The CVS :ow was set to 540 m3/h. To ensure high 
repeatability of the emission rates and particle characteristics, two 
measurements without soak time and three measurements with soak 
time were conducted under identical conditions. The variation in terms 
of the total particle number and size distribution between these condi-
tions was minimal. An overview of the variation between the experi-
ments is given in Tables S1 and S2.

2.1.2. Online measurements and 8lter sampling
During testing, the particle instruments are con,gured and located as 

follows: An optical particle spectrometer (Aerosol Particle Size Spec-
trometer LAP 322, Topas GmbH, Germany) was placed inside the brake 
test bench cell and measured the particle number size distribution from 
0.3 � m to 2.5 � m at 0.5 Hz. Samples for SEM-EDX measurements were 
drawn onto 47 mm polycarbonate (PC) track-etched membrane ,lters 
(Whatman, Nuclepore, 2 � m pore-size, Germany) which were loaded in 
the PM10 and PM2.5 ,lter holders. A Q150T ES Plus sputter coater 
(Quorum technologies, UK) was used to coat PC ,lters with 10� 20 nm of 
a conductive carbon layer using a woven carbon ,ber thread (density 
1.55 g/m, Quorum technologies, UK) in pulsed cord evaporation mode. 
All other instruments were placed outside of the test bench cell and were 
individually connected via stainless steel tubes and conductive sampling 
lines. The aerosol :ow was diluted at a ratio of 1:25 using a portable 
dilution system (Dekati eDiluter Pro, Dekati Ltd., Finland). The dilution 
air was supplied by a zero-air generator (AADCO 717� 15, Tisch 

Environmental Inc., USA) to eliminate background contamination. A 
condensation particle counter (CPC5420, Grimm Aerosol Technik 
GmbH, Germany) measured the total particle number concentration 
(TPNC). Size-resolved particle number distributions were obtained via a 
separate, undiluted sampling line using a Fast Aerosol Sizer (DMS500 
Mk II, Cambustion Ltd., UK), which covered a size range from 5 nm to 1 
� m at a 1 Hz time resolution. Chemical and size-resolved single particle 
analysis was performed in real time with a single-particle mass spec-
trometer (SPMS, Photonion GmbH, Germany). The operational princi-
ples and setup parameters of the SPMS are detailed in previous studies 
(Pratt and Prather, 2012; Schade et al., 2019; Passig and Zimmermann, 
2021). In brief, aerosol particles are transferred into a vacuum chamber 
via an aerodynamic lens (Wang et al., 2005) and passed through a pair of 
continuous-wave Nd:YAG lasers (50 mW, � � ˆ 532 nm). The particles 
scatter light upon interaction with the lasers, allowing their detection by 
photomultipliers and enabling estimation of their aerodynamic diameter 
via velocimetric sizing. Subsequently, the particles enter the ionization 
stage, where a series of laser pulses hit each particle. Initially, a CO2 
infrared laser pulse (� � ˆ 10.6 � m, GAM Laser Inc., USA) thermally de-
sorbs surface-bound species such as polycyclic aromatic hydrocarbons 
(PAHs). These desorbed species are then subjected to resonance- 
enhanced multiphoton ionization (REMPI) with an unfocused krypton 
:uoride (KrF) excimer laser (� � ˆ 248 nm, ~3 MW/cm2, MLase GmbH, 
Germany). The same laser beam is subsequently re:ected and focused 
via a concave mirror to intensities ~2 GW/cm2, inducing laser desorp-
tion ionization (LDI) of the remaining particle core. Positive and nega-
tive ions are extracted into two time-of-:ight mass spectrometers, 
generating bipolar mass spectra from which individual particle 
composition can be determined with unit-mass resolution. Spectra with 
less than 3 peaks were regarded as not valid. Before each measurement 
campaign, the SPMS was calibrated using a certi,ed diesel particulate 
matter standard (SRM 2975, NIST, USA) to ensure reproducible ioni-
zation performance and accurate mass calibration throughout the 
measurements. It is noteworthy that the instruments used in this study 
classify particles according to different physical principles. The SPMS 
measures particle aerodynamic diameter, while the DMS and SMPS 
report electrical mobility diameter. In contrast, OPS and EDM determine 
scattered light equivalent diameter. Because these sizing metrics are not 
directly equivalent, the given particle diameters should not be con:ated.

2.1.3. SEM-EDX analysis
12 mm-diameter samples from the loaded carbon-coated PC ,lters 

were cut and adhered to SEM pin stubs using conductive high purity 
EDX-suitable double-sided carbon adhesive pads (Spectro-Tabs, Plano 
GmbH, Germany). Carbon cement (Micro to Nano BV, EM-Tec C38, 
Netherland) was used to seal the edges of the stub to ensure the 
grounding path from the sample to the stub. Prepared SEM samples were 
stored in a desiccator under vacuum for 24 h to ensure the removal of 
volatile compounds. A Gemini SEM 360 (Carl Zeiss, Germany) ,eld 
emission SEM equipped with InLens and SE2 detectors was used to 
obtain SEM micrographs at acceleration voltages of 2� 2.5 kV. An Ultim 
Max 40 EDX detector (Oxford Instruments, UK) equipped with a thin 
polymer detector window and a silicon drift detector allowed for the 
measurement of low Z elements (Z > 6). To minimize the piercing of the 
electron beam through the particles, acceleration voltages of 12 kV and 
5 kV were used to analyze particles with a geometric diameter of >200 
nm and < 200 nm, respectively (Neukirchen et al., 2025).

2.2. Field measurement

Outdoor aerosol measurements were conducted at two different sites 
at the campus of the University of the Bundeswehr Munich, which is 
located in Neubiberg, southeast of the city of Munich, Germany. The ,rst 
site is near a major highway with expected high traf,c emissions. The 
second site is in a relatively unaffected background area to enable a 
comparative analysis of traf,c-related emissions and urban background.
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2.2.1.Highway station S1
From May 23 to May 27, 2024, a ve-day measurement campaign 

was carried out near a heavily trafcked highway (A8) that runs adja-
cent to the university campus. In front of the 327-m-long urban tunnel 
(48.0733 N, 11.6263 E), the sampling was conducted approximately 10 
m distance from the tunnel entrance and 5 m to the side (Fig. 1). The 
four-lane section of the A8 had an average daily trafc volume of 43,420 
vehicles with a speed limit of 80 km/h (BaSt, 2021).

2.2.2.Background station S2
The background station S2 is also located on the university campus 

and is approximately 1 km away from the highway station (48.0771 N, 
11.6393 E). Positioned in a low-trafc, green area of the campus, this 
site provides aerosol data representative of an urban background envi-
ronment. Although this area is not directly inuenced by nearby 
vehicular emissions, this site can still be affected by large-scale aerosol 
events such as Saharan dust intrusions (Padoan et al., 2024), making it 
valuable for capturing broader temporal background conditions in the 
region. Additionally, it serves as a suitable location for detecting rela-
tively long-range transported particles from various emission sources, 
including both exhaust and non-exhaust trafc-related aerosols. To 
minimize the impact of any potential local emissions, only data collected 
during the weekend period (from May 24 to May 26, 2024) were 
considered for comparison with the highway station.

2.2.3.Setup for particle measurement
A trailer was congured as a mobile laboratory to provide a rapidly 

applicable platform for eld-based aerosol measurements. The climate 
condition inside the trailer was maintained via an integrated air con-
ditioning system to stabilize internal temperature and relative humidity 
during operation. The instrumentation suite consists of a scanning 
mobility particle sizer (SMPS 2107, GRIMM Aerosol Technik GmbH, 
Germany) operating at an aerosol ow rate of 0.3 L/min for particle 
number size distribution measurements, and a PMx Optical Monitor 
(EDM-180, GRIMM Aerosol Technik GmbH, Germany) covering a size 
range between 0.25 μm and 32 μm for continuous particle mass con-
centration monitoring. Meteorological parameters including tempera-
ture, relative humidity were recorded continuously using an automated 
weather station (WS600, OTT HydroMet Fellbach GmbH (formerly G. 
Lufft Mess- und Regeltechnik GmbH), Germany). The SPMS described in 
Section 2.1.2was installed in the trailer for chemical characterization of 
individual particles. To ensure a signal-to-noise ratio sufciently high 
for single-particle analysis, ambient aerosols were pre-concentrated 
using an aerosol concentrator (AC-250 v1.0, ParteQ GmbH, Germany). 
The concentrator processed an inlet ow of 300 L/min, delivering a 
concentrated aerosol stream of 1 L/min via multi-nozzle conguration 
(Romay et al., 2002). A secondary concentration stage was implemented 
using a virtual impactor positioned upstream of the SPMS aerodynamic 

lens to further reduce the sample ow to 0.1 L/min.

2.3.Data analysis

Particle sizing data and ion time-of-ight spectra were recorded 
using a manufacturer-developed LabVIEW interface (PhotonLIZA, Pho-
tonion GmbH, Germany), while data processing and evaluation were 
carried out using in-house software built on the Matlab platform 
(R2023b, MathWorks Inc., USA) to facilitate downstream analysis. For 
efcient post-processing, particularly for ion marker screening, raw data 
were converted into nominal mass resolution spectra. Based on this 
processed dataset, particle classication was performed using the 
adaptive resonance theory neural network algorithm ART-2a (Song 
et al., 1999), which was implemented through the open-source FATES 
toolkit (Sultana et al., 2017) with parameters set to a vigilance factor of 
0.8, a learning rate of 0.05, and 20 iterations. Meteorological data are 
logged directly into text les for the subsequent evaluation. Particle 
number size distributions and mass concentrations obtained from the 
SMPS and EDM-180 instruments, were recorded, exported from the 
manufacturer software (NanoV1–9, Grimm Aerosol Technik GmbH, 
Germany) and subsequently integrated with the SPMS dataset on the 
Matlab platform and to enable comprehensive analysis.

3.Results & discussion

3.1.Laboratory measurements

During the WLTP brake cycle, total particle number concentrations 
(TPNC) showed distinct increases associated with braking events 
(Fig. 2A). Comparison across the 10 WLTP trips showed consistent 
emission patterns, with higher particle numbers during sections char-
acterized by frequent (e.g., Trip 4) and harsh braking (e.g., Trip 10), 
demonstrating that both the frequency and intensity of braking strongly 
inuence the number and size distribution of BWP under standardized 
braking conditions. In total, ve repeated measurements were per-
formed to assess the reproducibility of particle emissions. As shown in 
Table S1 and S2, both the time-integrated TPNC and the particle number 
size distributions showed low variability, with coefcients of variation 
below 6 %. These results conrm the reliability of the experimental 
setup and indicate that transient uctuations had minimal impact on 
overall particle emissions. Therefore, one representative measurement is 
illustrated in Fig. 2. In general, the temporal evolution of particle 
number size distributions revealed that most brake wear particles were 
generated in the submicron range, with a dominant mode between 50 
and 500 nm (Fig. 2B) with a time-averaged geometric mean diameter of 
approximately 146 nm. Short-term bursts of ultrane particles (<100 
nm) were occasionally observed during intense braking phases, which is 
consistent with contributions from the thermal decomposition of 

Fig. 1.The map shows the locations of the highway station S1 (red marker) and the background station S2 (green marker). The highway station S1 was located 10 m 
from the tunnel entrance. The university campus is highlighted in orange. The highway (A8) and the tunnel is indicated in red and blue, respectively.
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organic binders at the pad-disc interface and subsequent vapor 
condensation followed by coagulation and agglomeration as demon-
strated by previous studies (Namgung et al., 2016; Wahlström et al., 
2017). The generation of ultrane particles has been reported to occur 
predominantly when brake disc temperatures exceed ~160 ◦C (Farwick 
zum Hagen et al., 2019a). In our experiments, the maximum brake 
temperature reached ~120 ◦C, which could indicate the relatively low 
contribution of UFP to TPNC in our experiment. In addition to the 
submicron range, the size distribution in the micron range was measured 
(Fig. 2C), showing similar temporal variations in the particle concen-
tration as a function of cycle time. The detected particle sizes ranged 
from 0.3 to 5 μm, with the majority being smaller than 1 μm. The 
presence of BWP from submicron up to 5 μm size range indicates 
different formation processes of BWP, aligning with the heterogeneous 
nature of brake wear emissions.
A total of 25,957 individual BWP were detected by the SPMS during 

the ve measurements, providing detailed insight into the chemical 
composition of the emitted particles (Fig. 2D). The ART-2a algorithm 
initially resulted in numerous clusters that shared the same major ions 
but showed slight variations in relative signal intensities. These clusters 
were subsequently manually regrouped into three BWP types, Ba- 
containing particles, K-rich with organic compounds, and carbona-
ceous particles, which is partially in line with a previous SPMS study 
(Liu et al., 2023). Across the WLTP brake cycle, Ba-containing particles 
were the most abundant particles (54 % of the total particle number 
measured by SPMS). These particles showed an averaged aerodynamic 
diameter of 668 ±542 nm. Although Ba is not a major component of 
brake discs or pads, most commercial brake pads contain barium sulfate 
(BaSO4) as a ller material. During braking BaSO4 undergoes thermal- 
mechanical fragmentation, making Ba-containing particles a dominant 

and distinctive fraction of the emitted BWP.
Fig. 3shows the normalized positive and negative ion peaks of the 

Ba-containing particles, which have strong intensities at various metal 
species, including Na+, Mg+, Al+, Si+, K+, Ca+, Ti+, Mn+, Cr+, and Fe+, 
along with negative ion signals from F−, CN−, MgO−, CNO−, (CN)2

−, 
PO2
−, PO3

−, FeO2
−, HSO4

−, and CaCO3
−with carbon cluster ions (Fig. 3A). 

In the REMPI spectrum (Fig. 3B), distinct peaks for Ba+ and Ba- 
containing species such as BaO+, BaF+, FeBaO+ and FeBaO2

+ were 
observed alongside carbon cluster ions. The high intensity and variety of 
Fe ion peaks are likely inuenced by the LM brake pad, which is known 
to release substantial amounts of iron-rich particles (Diana et al., 2025). 
Additionally, wear from the gray cast iron brake disc can also contribute 
to these peaks, as its emissions are strongly associated with disc material 
loss and intensive Fe content (Hesse et al., 2021). Notably, a distinct Bi+

signal was detected at m/z of 209. The presence of Bi in BWP aligns with 
previous studies, showing that Bi, typically in the form of bismuth sul-
de (Bi₂S₃), is incorporated into brake pads as a non-toxic lubricant and 
ller (Sathickbasha et al., 2019; Surya Rajan B et al., 2022). The 
simultaneous detection of Bi and the absence of Sb in BWP reects a 
transition from Sb-based to Bi-based additives in modern brake pad 
formulations, similar to the phase-out of Pb in older pads. Additional 
peaks at m/z 116/118 and 120, likely corresponding to Sn isotopes, 
indicate the presence of Sn-based additives, which are used as metallic 
powders in solid lubricants as partial replacement for Cu (Martinez and 
Echeberria, 2016). The absence of Cu ion peaks at m/z 63 and 65 further 
supports the observation that the brake pad contains only trace amounts 
of Cu.
The second BWP group was characterized by a strong K-signal mixed 

with crustal elements in the positive ion mode, with pronounced Na+, 
Mg+, and Mn+signals and comparatively weaker Fe+intensity, while 

Fig. 2.A representative measurement is shown: A) The vehicle speed prole (black line) during the WLTP brake cycle shows the 10 individual trips and the 
respective TPNC time course (red line). B) Normalized particle number size distribution (size range from 5 to 1000 nm) as a function of the cycle time. C) Normalized 
particle number size distribution (size range from 0.3 to 2.5 μm) as a function of the cycle time. D) Size-resolved SPMS classication of individual brake wear particle 
types: color-coded as cluster 1 (Ba-containing, red dots), cluster 2 (K-rich with organics, green dots) and cluster 3 (carbonaceous particles, black dots) particles across 
the WLTP cycle.
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the negative spectrum resembled that of the Ba-containing cluster 
(Fig. 4A). In the REMPI spectrum (Fig. 4B), minor Ba-bearing ions (e.g., 
Ba+and BaO+), and carbonaceous compounds were detected, while 
additional high-molecular-weight organic signatures were evident, 
suggesting contributions from additive/binder degradation and possible 
organic condensation processes. Most prominently, phenanthrene/ 
anthracene (m/z 178) and pyrene (m/z 202), along with their alkylated 
derivatives (e.g., m/z 192, 206) and characteristic fragments (e.g., m/z 
165, 189) were observed, which is consistent with brake-generated 
PAHs reported by previous studies (Alves et al., 2021; Neukirchen 
et al., 2025). The production of PAHs is likely attributed to thermal 
degradation and pyrolysis of phenolic resins from binders and other 
organic constituents, with the resulting molecular proles strongly 
inuenced by pad formulation and the maximum interface temperatures 
reached. Farwick zum Hagen et al. (2019a)reported that at high brake 
temperatures (140–170 ◦C), such organic compounds can lead to the 
formation of UFP. In our measurements, where brake temperatures 
remained at moderately high levels, the organic constituents appear to 
have volatilized and subsequently partially condensed onto particles, 
consistent with the observations of Namgung et al. (2016)and 
Wahlström et al. (2017). In addition to PAHs, a strong signal at m/z 213 
was observed, which can be assigned to the potassium sulfate cluster ion 
(K3SO4

+). This assignment is supported by the simultaneous detection of 
typical sulfate fragments such as HSO4

−in the negative ion spectra and 
the strong peak of K+in the positive ion spectra. The co-occurrence of K- 
sulfate ions with crustal elements suggests that mineral-rich components 
of the pad wear contribute to the formation of these ions, in agreement 

with earlier studies showing that alkali and alkaline earth sulfates are 
characteristic of mineral-containing brake wear particles (Grigoratos 
and Martini, 2014). This particle group showed an averaged aero-
dynamic diameter of 762 ±360 nm, contributing 10 % to the total BWP 
number. While these particles are primarily generated through me-
chanical abrasion, similar to Ba-containing particles, they appear to 
form under different conditions such as at moderate temperatures and 
pressures. These conditions still lead to the volatilization of organics 
from phenolic binders, but because the thermal degradation is incom-
plete, these organics seem to preferentially condense onto freshly 
abraded mineral surfaces. This observation aligns with the ndings of 
Alves et al. (2021), who reported that less severe braking cycles with 
lower temperatures, resulted in higher amounts of extractable organics 
including PAHs. Conversely, harsher braking conditions led to a greater 
degree of organic degradation and reduced PAH detection. In addition, a 
minor group of K-rich particles with signals for Mo isotopes was detected 
(Fig. S1). Despite the less particle number, the presence of Mo+signals in 
this particle group suggests the use of MoS2 and other Mo-based com-
pounds in brake pad formulations, particularly as solid lubricants and 
friction modiers. This observation is in line with a previous research 
which has highlighted the role of MoS2 in enhancing the friction prop-
erties of brake pads, particularly in high-speed braking scenarios (Zhang 
et al., 2020).
The third BWP group accounts for the smallest fraction (7 %) and was 

characterized by series of carbonaceous compounds with K+, Fe+, PO3
−

and HSO4
−signals (Fig. 5A), and the carbonaceous series can further be 

found in the REMPI spectrum (Fig. 5B). The carbonaceous particles 
showed an averaged aerodynamic diameter of 469 ±331 nm. Compared 

Fig. 3.Averaged bipolar mass spectrum of Ba-containing BWP. A) Normalized LDI mass spectrum shown in the range of m/z −120 to 120 with negative (blue) and 
positive (black) ion spectra separately normalized to their respective maximum peak intensities. B) Normalized REMPI mass spectrum of BWP in the m/z range from 
121 to 300 in red color.

Fig. 4.Averaged bipolar mass spectrum of K-rich BWP. A) Normalized LDI 
mass spectrum shown in the range of m/z −120 to 120 with negative (blue) 
and positive (black) ion spectra separately normalized to their respective 
maximum peak intensities. B) Normalized REMPI mass spectrum in the m/z 
range from 121 to 300 in red color. Circle refers to parent molecules, star refers 
to the methylated PAHs, and diamond refers to the characteristic fragments.

Fig. 5.Averaged bipolar mass spectrum of carbonaceous BWP. A) Normalized 
LDI mass spectrum shown in the range of m/z −120 to 120, with negative 
(blue) and positive (black) ion spectra separately normalized to their respective 
maximum peak intensities. B) Normalized REMPI mass spectrum in the m/z 
range from 121 to 300 in red color.
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to the diameter of the other particle groups, this group showed appar-
ently the smallest particle size, which can be attributed to the formation 
process. Semi-volatile organic constituents evaporate from the brake 
pad at high temperatures, which are then coagulated and condensed 
(Men et al., 2022). Since each trip in WLTP differs in terms of braking 
intensity, braking frequency and duration, the total particle count of 
BWP and the relative proportion of the above classied particle groups 
produced in each trip were compared in Fig. 6.
The SPMS analysis provided an overview of BWP particle composi-

tion across the ten WLTP trips, showing a clear trend. Ba-containing 
particles consistently dominated the composition, accounting for 
approximately 50 % of all classied particles. K-rich particles mixed 
with organics contributed around 15 %, while carbonaceous particles 
represented a smaller but consistent fraction (mostly below 10 %) across 
the trips. Particles with fewer than three distinct mass spectral peaks 
were assigned to the undened category (approximately 20 %). Overall, 
the total particle count correlated well with the braking intensity and 
frequency and the duration of a trip, e.g., the lowest particle counts were 
measured during trip 6 to 9 and the highest count during trip 10. Despite 
the large differences in BWP counts, the relative proportion of the major 
particle groups remained relatively stable across all WLTP trips where 
Ba-containing particles were detected most frequently. Slight uctua-
tions between trips may reect differences in the predominant formation 
mechanisms such as mechanical abrasion or thermal decomposition 
under high disc temperatures.
Fig. 7A illustrates the SEM micrograph of Ba-containing particle. Its 

EDX spectrum depicted in Fig. 7B correlates with the species observed in 
the SPMS spectrum of Fig. 3. These particles have a rich Fe (47.7 Wt%), 
C (25.5 Wt%), and O (22.3 Wt%) content, which is in line with a pre-
vious SEM-EDX observations of LM brake pads (Neukirchen et al., 2025).
A variety of other elements appear in lower concentrations including 

Si, Mg, Ba, Ti, Ca, Cr, S, Al, Mn, P, and Cu, the latter which was not 
visible by SPMS. The discrepancy between the two methods likely stems 
from the low ionization efciency of trace Cu during laser ablation. In 
SPMS, ion signal strength strongly depends on particle composition and 
ionization energy, and weak signals may fall below the detection 
threshold (Du et al., 2024). Bi was not detected likely due to its overall 
low concentration and/or overlap of the Bi Mα-line (2.4197 keV) with 
the S Kα-line (2.3075 keV). Sn was also not detected by SEM-EDX but has 
been shown to account for up to 0.2 Wt% for LM brake pad particles 
(Neukirchen et al., 2025). Although these minor discrepancies arise 
from differences in analytical techniques, both methods conrm the 
presence of Ba in the BWP, further supporting its reliability as a marker 
for identifying BWP in eld measurements, as described in the following 
section. For the K-rich particle, the EDX spectrum (Fig. S2) complements 
the SPMS observations of Fig. 4. Relative to the Ba-containing particles, 
the Fe content (10.8 Wt%) was lower, whereas C (31.2 Wt%) and O 

(30.5 Wt%) contents were higher, supporting the ndings of carbona-
ceous compounds with additional high-molecular-weight organic sig-
natures detected in the SPMS. The carbonaceous particles that were 
observed (Fig. S3) have an amorphous morphology which is likely due to 
their mechanism of formation (Men et al., 2022). The corresponding 
EDX spectrum conrms the SPMS observations of Fig. 5, as these par-
ticles display a high carbon content (86.6 Wt%) with more minor con-
tributions from O (11.7 Wt%), Fe, Si, S, and Na (<1 Wt% each). Further 
detailed information about the SEM-EDX of K-rich and carbonaceous 
particle are given in Figs. S2 and S3, respectively.

3.2.Field measurements

3.2.1.Characterization of both measuring sites
Fig. S4 and S5 illustrate the data for TPNC, particle mass (PM) con-

centrations, and the particle size distribution during the ve-day eld 
measurement period. Table 1summarizes the results of the particle mass 
concentrations of PM1, PM2.5 and PM10 and TPNC during the measure-
ment period, referring to PM with diameters smaller than 1 μm, 2.5 μm 
and 10 μm, respectively.
As expected, PM and TPNC at the highway station S1 showed higher 

concentrations compared to the background station S2. Ambient tem-
perature and relative humidity were stable and no precipitation 
occurred during the measurement period. Wind rose data (Figs. S6A and 
S6B) showed that highway site S1 experience mostly calm winds (44 % 
of the measured time) with limited direct advection from the highway, 
indicating that particle concentrations were inuenced primarily by 
vehicle-induced turbulence and resuspension rather than direct trans-
port by wind. By contrast, the background site S2 showed generally 
higher wind speeds and intermittent transport from the highway di-
rection, consistent with the lower but still measurable presence of BWP 
at S2.

3.2.2.SPMS analysis
A total of 103,417 particles were detected and their mass spectra 

subsequently analyzed using the ART-2a clustering algorithm, initially 
yielding 32 groups. Visual inspection and manual consolidation rened 
these initial groups into eight principal groups, accounting for 88 % of 
total detected particles. The remaining 12 % could not be classied and 
were assigned to the undened group due to the presence of fewer than 
three distinct mass spectral peaks. Among the classied particles, 
approximately 6.4 % were interpreted as Ba-containing BWP with the 
specic spectrum (Fig. 8A and B). A similar study by Liu et al. (2023)
reported a lower contribution of 0.5 % from BWP inside a highway 
tunnel. The higher proportion observed in our study may be due to the 
measurement location at the entrance of the tunnel, where vehicles 
begin to brake, in contrast to the inside the tunnel, where vehicles have 
already decelerated. Additionally, differences in speed limits between 
the studies and the predominance of low-metallic (LM) brake pads in EU 
(Straffelini and Gialanella, 2021) may also have inuenced the contri-
bution of BWP. The remaining classied particles could be grouped into 
background aerosols, and also into exhaust emissions such as EC, EC-OC, 
EC-Ca, and EC-K-Na, consistent with classications reported in previous 
studies (e.g., Jeong et al., 2015). Due to the complex mixture and con-
tributions from exhaust emissions, such as carbonaceous particles, BWP 
of eld measurement data were identied only with the Ba-containing 
particles as a marker. Since the present study exclusively investigates 
NEE, exhaust-related emissions are not discussed in the following 
sections.
The LDI spectrum of the BWP group (Fig. 8A) showed distinct 

elemental signals of Ba, Fe, and Bi. Additional ion peaks corresponding 
to iron oxide fragments such as FeO2

−, FeO+and Fe2O
+further supported 

the identication of BWP, consistent with the laboratory results. The 
REMPI spectrum of the same particle group (Fig. 8B) revealed several 
high-molecular-weight organic signatures but also metal-organic com-
pounds, including Fe2O

+, BaO+, BaF+, FeBaO+, and FeBaO2
+, which 

Fig. 6.Relative proportion of the classied particle types measured by SPMS 
across the ten WLTP trips, averaged over ve replicate measurements. The bars 
represent the respective relative contribution (left y-axis) of Ba-containing 
(blue), K-rich with organics (orange), carbonaceous (green), and undened 
(gray) particle types for each trip. The red line shows the total particle counts 
detected by SPMS per trip (right y-axis).

S. Jeong et al.                                                                                                                                                                                                                                    Science of the Total Environment 1012 (2026) 181277 

7 



agrees with previous BWP study from Beddows et al. (2016)and the 
laboratory results in this study. Interestingly, eld measurements 
revealed additional iron-related ion signal, FeO₃−. The detection of this 
ion in the eld measurement indicates the highly oxidized Fe species, 
which are indicative of atmospheric aging, consistent with the pro-
gressive oxidation of trafc-derived iron particles from metallic Fe to Fe 
(III) phase observed by Gonet and Maher (2019). The atmospheric aging 
of the detected BWP is further supported by the presence of NO2

−and 
NO3
−signals, which point to the photooxidation processes occurring 

during resuspension. Interestingly, PAH molecules were also found in 
the REMPI spectrum of the BWP measured at the highway station. 
Phenanthrene/anthracene, pyrene as well as the characteristic frag-
ments were still detectable, while alkylated derivatives could not be 
found. The presence of PAHs on Ba-containing particles suggests that 
under real-world conditions, BWP may be generated under different 
conditions compared to the laboratory conditions as well as undergo 
strong mixing processes (e.g., with exhaust emissions), leading to hybrid 
chemical signatures that are not observed under controlled laboratory 
conditions. It implies that a classication of BWP based solely on the 
laboratory reference spectra may underestimate their complexity. 
Moreover, no signals of Sb and Pb were observed in both the laboratory 
and eld measurements, while traceable signals of Cu and a distinct Bi 
signal were detected in the eld measurements, suggesting that the 
transition in brake pad formulations is in progress. This trend, at least in 
the EU, underlines the value of alternative markers such as Ba- 
containing signatures with other emerging elements, to reect 

evolving brake pad technology. Time- and size-resolved analyses indi-
cate that BWP predominantly have aerodynamic diameters below 2 μm, 
resulting in an averaged aerodynamic diameter of 670 ±30 nm (Fig. 8C) 
which is consistent with the laboratory ndings.
The background station S2 detected considerably fewer BWP than 

the highway station S1 during the weekend. Despite the lower counts at 
S2, the LDI spectrum (Fig. 8D) revealed similar chemical features, with 
prominent Fe+, Ba+and Bi+signals. Some peak intensities were slightly 
reduced in the REMPI spectrum (Fig. 8E), likely due to the partial 
degradation of semi-volatile organic compounds during atmospheric 
aging processes (Passig et al., 2022). However, the most pronounced Fe+

and Ba+ signals remained detectable, clearly assigned to BWP. The 
average aerodynamic diameter of BWP at S2 was 1000 ±700 nm 
(Fig. 8F) which was larger but has also uctuated more in size compared 
to the measured BWP at S1. This further suggests that BWP at S2 are 
mainly transported particles which have undergone different atmo-
spheric aging processes inuencing their chemical composition and 
particle size. However, the core chemical constituents remained prom-
inent even after atmospheric transport, underscoring the chemical 
resilience of BWP and supporting the applicability of SPMS for detecting 
long-range transported BWP. From a broader regulatory perspective, 
these resuspended BWP within speed-regulated areas such as tunnel 
entrances can be unintentionally amplied by increased braking fre-
quency and intensity.

3.2.3.Limitations of this study
Despite various efforts to analyze BWP, several limitations remain in 

this study. First, the laboratory measurements were based exclusively on 
a LM brake pad formulation, which is predominantly used in the EU 
(Straffelini and Gialanella, 2021). In contrast, other widely used pad 
types, such as non-asbestos organic pads, common in use in the US and 
Japanese markets, may emit different proportions of chemical com-
pounds. Second, in the eld measurements, BWP identication relied 
primarily on Ba-containing particles as diagnostic tracers. Under real- 
world conditions, however, the classied BWP groups are often mixed 
with each particle type. In addition, other local trafc emission sources 
e.g., road wear particles, tire wear particles as well as engine exhaust can 
complicate the distinction as the signal of organic compounds could 
overlap, making clear attribution challenging. In this study, we pro-
posed the use of Ba-containing particles as a current BWP marker due to 
the source specicity which enables a more reliable assignment, not only 
in the EU but also suitable in Tianjin, China, reported by Liu et al. 
(2023). The investigation of a suitable marker for the other common 
brake pad types could complement our ndings and should be further 
addressed in future studies. Additionally, due to technical constraints of 
SPMS, only particles larger than 200 nm in aerodynamic diameter could 
be detected. As a result, the full BWP size spectrum is not captured, and 

Fig. 7.SEM-EDX data of Ba-containing particle on carbon-coated PC membrane. A) SEM micrograph acquired at 2.5 kV using the InLens detector. B) EDX spectrum 
acquired at 12 kV with corresponding percentage mass content.

Table 1 
Averaged particle mass (PM) in μg/m3 and particle number (TPNC) in 103 

#/cm3 concentration, along with standard deviations, measured at the eld 
stations during the measurement period.

Highway S1 Day1 Day2 Day3 Day4 Day5

Background 
S2

S1: PM1 23.9 ±
14.0

21.8 ±
8.5

13.6 ±
5.8

22.3 ±
12.3

43.2 ±
5.7

S2: PM1 – 17.3 ±
7.0

12.2 ±
5.7

18.6 ±
5.8

–

S1: PM2.5 30.6 ±
14.0

27.0 ±
9.5

20.0 ±
8.0

29.8 ±
14.7

52.7 ±
8.2

S2: PM2.5 – 21.1 ±
7.2

17.2 ±
7.2

26.3 ±
9.8

–

S1: PM10 40.9 ±
19.8

37.4 ±
24.2

36.0 ±
23.6

47.8 ±
29.1

78.2 ±
28.3

S2: PM10 – 27.9 ±
11.0

29.3 ±
19.6

45.6 ±
25.9

–

S1: TPNC 2.8 ±1.5 3.9 ±3.5 4.1 ±2.8 3.9 ±2.3 6.3 ±4.0
S2: TPNC – 2.7 ±1.3 3.3 ±1.7 3.0 ±1.4 –
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potentially relevant smaller particles may have been missed. However, 
in terms of applying the proposed marker, the majority of Ba-containing 
particles is expected to fall within the detectable range, as their forma-
tion is primarily driven by mechanical abrasion. Detection of particles 
smaller size fraction is technically feasible by operating the SPMS 
without the sizing unit as a trigger, which enables the ionization of 
particles below 200 nm, while this comes at the expense of losing size 

information. For instance, measurements with the so-called “free- 
running” mode was carried out in a recent study by Anders et al. (2024). 
While SPMS provides chemically resolved identication of BWP, it does 
not offer quantitative concentration due to uncertainties in transmission 
efciency. Nevertheless, quantitative metrics can be obtained by 
combining SPMS with conventional number-based instruments (e.g., 
SMPS or OPS), as demonstrated by Liu et al. (2023), who calculated the 

Fig. 8.Normalized average mass spectra of the BWP cluster measured at the highway station S1 (accounting for 6.4 % of the measured particles, Figs. A) to C)) and 
the background station S2 (accounting for 0.04 % of the measured particles, Figs. D) to F)). A) and D) LDI mass spectrum of BWP shown in the range of m/z −120 to 
120 with negative and positive ion spectra separately normalized to their respective maximum peak intensities. B) and E) REMPI mass spectrum of BWP in the m/z 
range from 121 to 300. C) and F) Time resolved aerodynamic diameter of detected particles. All measured particles by the SPMS are shown in gray, while particles 
identied as BWP are highlighted in red.
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mass contribution of atmospheric BWP to PM2.5. Consequently, further 
research is needed to enhance both the detection sensitivity and the 
chemical differentiation of various particle types. Expanding real-time 
analysis methods to include other non-exhaust sources, such as tire 
wear particles, is also essential for a more complete understanding of 
traf,c-related emissions.

4. Conclusion

This study presents an approach that links laboratory studies with 
,eld measurements, focusing on the physical and chemical character-
istics of brake wear particles. Our results were obtained by combining 
controlled laboratory dynamometer experiments with real-world high-
way and urban background measurements to identify suitable BWP 
spectral markers for source apportionment. Under standardized WLTP 
brake cycle conditions, single-particle mass spectrometer consistently 
identi,ed three distinct particle groups: Ba-containing particles, K-rich 
particles mixed with organics, and carbonaceous particles. The particle 
groups and compositions were con,rmed by SEM-EDX analysis of single 
particles sampled onto carbon-coated PC ,lters. These chemical com-
pounds highlight that BWP is formed not only by mechanical abrasion 
but also by temperature-driven volatilization and condensation of 
organic constituents, leading to different chemical compositions and 
aerodynamic particle sizes for each group. The laboratory results show 
that Ba-containing particles had the dominant relative proportion of 
BWP followed by K-rich and carbonaceous particles. The suitability of 
the classi,ed BWP markers was validated in ,eld measurements. The 
detection of BWP signatures at a highway station con,rmed the chem-
ical resilience of Ba-containing particles, while K-rich and carbonaceous 
particles were less clearly identi,ed due to their complex mixing and 
overlap with other chemical components. Measurements at the urban 
background indicate the chemical resilience and transport potential of 
Ba-containing particles. Despite atmospheric aging, these particles can 
be clearly assigned to BWP by pronounced Fe ‡ and Ba‡ signals. More-
over, the laboratory and ,eld data suggest a transition toward more 
environmentally and human-health friendly brake pad formulations, 
evidenced by less-prominence of Cu and Sb signals, which have been 
increasingly replaced by alternative elements such as Bi. Nevertheless, 
the study ,ndings underscore the importance of incorporating BWP into 
broader regulatory frameworks, especially with respect to their chemi-
cal compositions and particle size range. Fine particulate matter metrics 
such as PM2.5 and PM1 which capture the alveolar and more health- 
relevant fraction, might be a better metric for quantifying BWP and 
non-exhaust traf,c emissions. Given that BWP represent a signi,cant 
portion of traf,c-related particulate emissions, further research and the 
development of targeted emission reduction strategies are essential 
before more stringent regulations are implemented.
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Ruser: Investigation, Writing � �review & editing. Thomas Adam: Re-
sources, Project administration, Funding acquisition, Conceptualization, 
Writing � �review & editing.

Declaration of competing interest

The authors declare that they have no known competing ,nancial 
interests or personal relationships that could have appeared to in:uence 
the work reported in this paper.

Acknowledgements

This work was supported by the dtec.bw-Digitalization and Tech-
nology Research Center of the Bundeswehr (projects � LUKAS� � and 
� MORE� ). dtec.bw is funded by the European Union � � NextGener-
ationEU. We acknowledge ,nancial support by Universität der Bun-
deswehr München.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.181277.

Data availability

Data will be made available on request.

References
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Wahlström, J., Lyu, Y., Matjeka, V., Söderberg, A., 2017. A pin-on-disc tribometer study 
of disc brake contact pairs with respect to wear and airborne particle emissions. 
Wear 384� 385, 124� 130. https://doi.org/10.1016/j.wear.2017.05.011.

Wang, X., Kruis, F.E., McMurry, P.H., 2005. Aerodynamic focusing of nanoparticles: I. 
Guidelines for designing aerodynamic lenses for nanoparticles. Aerosol Sci. Technol. 
39, 611� 623. https://doi.org/10.1080/02786820500181901.

Zhang, P., Zhang, L., Wei, D., Wu, P., Cao, J., Shijia, C., Qu, X., 2020. Adjusting function 
of MoS2 on the high-speed emergency braking properties of copper-based brake pad 
and the analysis of relevant tribo-,lm of eddy structure. Compos. Part B Eng. 185, 
107779. https://doi.org/10.1016/j.compositesb.2020.107779.

Glossary

ART-2a: Adaptive Resonance Theory
BWP: Brake wear particle
CPC: Condensation particle counter
CVS: Constant Volume Sampler
GMD: Geometric Mean Diameter
GSD: Geometric Standard Deviation
GTR: Global Technical Regulation
LDI: Laser desorption ionization
LM: Low metallic
NEE: Non-exhaust emission
OEM: Original Equipment Manufacturer
PAH: Polycyclic aromatic hydrocarbon
PN: Particle number
PM: Particulate matter
REMPI: Resonance enhanced multiphoton ionization
SEM-EDX: Scanning electron microscopy energy dispersive X-ray spectroscopy
SMPS: Scanning mobility particle sizer
SPMS: Single-particle mass spectrometer
TOF: Time of Flight
TPNC: Total particle number concentration
UFP: Ultra,ne particle
UNECE: United Nations Economic Commission for Europe
WLTP: Worldwide harmonized Light Vehicle Test Procedure
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