
RESEARCH ARTICLE EARTH, ATMOSPHERIC, AND PLANETARY SCIENCES OPEN ACCESS
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Although the last several decades have seen a dramatic reduction in emissions from
vehicular exhaust, nonexhaust emissions (e.g., brake and tire wear) represent an
increasingly significant class of traffic-related particulate pollution. Aerosol particles
emitted from the wear of automotive brake pads contribute roughly half of the particle
mass attributed to nonexhaust sources, while their relative contribution to urban air
pollution overall will almost certainly grow coinciding with vehicle fleet electrification
and the transition to alternative fuels. To better understand the implications of
this growing prominence, a more thorough understanding of the physicochemical
properties of brake wear particles (BWPs) is needed. Here, we investigate the electrical
properties of BWPs as emitted from ceramic and semi-metallic brake pads. We show
that up to 80% of BWPs emitted are electrically charged and that this fraction is
strongly dependent on the specific brake pad material used. A dependence of the
number of charges per particle on charge polarity and particle size is also demonstrated.
We find that brake wear produces both positive and negative charged particles that
can hold in excess of 30 elementary charges and show evidence that more negative
charges are produced than positive. Our results will provide insights into the currently
limited understanding of BWPs and their charging mechanisms, which potentially
have significant implications on their atmospheric lifetimes and thus their relevance
to climate and air quality. In addition, our study will inform future efforts to remove
BWP emissions before entering the atmosphere by taking advantage of their electric
charge.
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Aerosol particles derived from traffic emissions are considered a dominant source of
particulate matter (PM) pollution in urban environments (1). Brake wear particles
(BWPs) are known to contribute significantly to these emissions and to traffic pollution
overall, comprising up to 55% of nonexhaust PM10 mass (2), or as much as 21% of
total traffic-related PM10 mass (3–5). It is almost certain this contribution will grow
in the coming decades, considering the further adoption of alternative fuels and the
electrification of the global vehicle fleet (6). This emphasizes the need for further
research into the role of nonexhaust emissions in general, and brake wear emissions
in particular, in order to understand potential impacts and to inform future regulatory
efforts. Experimental studies have demonstrated some of the potential health effects of
inhaling BWPs across a broad range of sizes (10 nm to > 2.5 μm), including the induction
of pulmonary inflammation in animals and oxidative stress in lung cells (7–11). Due to
their abundance, these particles may prove to have important implications for regional
climate as well, though this has yet to be rigorously explored.

Despite their emerging importance, a complete picture of the composition and physical
characteristics of BWPs is currently lacking. BWPs are generated at the contact area
between the brake pad and rotor or drum from the combination of abrasion, producing
primary wear particles, and heating, producing low-volatility vapors that nucleate into
nanometer-sized particles (12). It is estimated that 35 to 55% of BWPs become airborne
(13, 14). Size distributions of BWPs have been extensively investigated, principally as
generated using a brake dynamometer (15, 16). Though distribution characteristics seem
to vary widely with the specific braking cycle employed and pad material tested, one
or several submicron modes are commonly observed alongside a larger coarse mode
centered around particle diameters between 1.0 and 2.0 μm. The coarse mode has been
attributed to abrasion of pad material while the origin of the smaller modes remains
somewhat contentious, although a nanometer-sized mode has been consistently linked
to surpassing a certain critical temperature of the pad material used (17–21). Due to
the frictional process by which BWPs are generated, it is reasonable to suspect that
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some of these particles might be electrically charged. The presence
of charges on aerosol particles has been shown to enhance
coagulative growth (22–24) and modulate transport properties
(25, 26). With regard to human health, several studies have shown
that surface charges may enhance particle deposition onto lung
airways (27–30), although this is still an area of active research
(31). Brake pads have been studied as a tribological surface
(32), and an electrostatic precipitator was recently proposed as
a possible means by which to reduce primary BWP emissions
(33). However, to the best of the authors’ knowledge, a study
on the electrical charge characteristics of BWPs has yet to
be reported and many open questions remain including the
number of elementary charges per particle (hereafter referred
to as charge state), ratios of charged-to-neutral particles, and
the relationships between charge state, braking mechanisms, and
particle size/composition.

Here, we present measurements of the electrical charge
characteristics of BWPs, as generated experimentally from a disc
brake using a custom-built brake dynamometer system. The
emissions from two common types of brake pad formulations
(semi-metallic and ceramic) were investigated. We examine the
fraction of BWPs that are electrically charged and probe their
electrical charge state as a function of particle size and braking
conditions. We show that moderate braking of either brake pad
tested generates charged particles of both polarities and that up
to 80% of BWP can be electrically charged. We demonstrate
how many of the BWPs measured are multiply charged in the
diameter range of 10 to 1,000 nm, with one BWP containing as
many as 30 elementary charges.

Results
Brake Wear Particle Generation and Size Distributions. BWP
generation was simulated using a custom-built brake dynamome-
ter facility (Materials andMethods, Section 1) consisting of a brake

rotor rotated at a constant speed (173 rpm) and a hydraulically
actuated brake caliper mounted on a rotational torque sensor.
Braking was applied using a series of square wave hydraulic pulses
over a period of 1 to 2 h. BWP size and number concentrations
were monitored across a wide particle diameter range (10 to
22,000 nm) to provide a comprehensive picture of the particle
size distribution for each experiment. Fig. 1 shows the BWP size
distributions as measured by a scanning mobility particle sizer
(SMPS, Fig. 1B) and an aerodynamic particle sizer (APS, Fig. 1A)
as well as the braking state variables (torque and brake rotor
temperature) during the first hour of a typical experiment for
both ceramic (Left) and semi-metallic (Right) brake pads, where
t = 0 s is the time when the rotor begins spinning at 173
rpm. The brake pressure and temperature of the chamber are
provided in SI Appendix, Fig. S2. For the same braking cycle
(brake fluid hydraulic pressure 1,400 kPa, 8 s brake pulse, 45 s
cruising time), use of semi-metallic brake pads resulted in a
higher rotor temperature compared to the ceramic pads, while
also producing fewer particles overall. Both brake pads generated
a multi-modal particle size distribution consisting of at least two
modes: an ultrafine (≤100 nm in diameter) mode and a coarse
mode centered at an aerodynamic diameter of 2.5 μm. Ultrafine
particles appeared even when the rotor was spinning before the
onset of braking. This is consistent with previous studies that
have reported particle generation due to the residual drag from
the brake rotor brushing against the brake pad, resulting in the
detachment of wear particles from prior use accumulated along
the pores of the pad surface (19, 34–36). Over the course of the
experiment, the distribution was dominated by the larger coarse
mode of freshly generated particles, most clearly demonstrated
in the ceramic brake experiment. Although the number and
position of BWP modes observed vary as previously noted,
a mode around 350 nm has specifically been reported using
different measurement techniques (37, 38), possibly indicating
the presence of a third mode in our distributions in addition to the
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Fig. 1. Dynamometer braking conditions and BWP size distributions during experiments with ceramic (Left) and semi-metallic (Right) brake pads. BWP size
distributions were collected from (A) an APS, measuring over the aerodynamic diameter range (Daerop ) 500 to 22,000 nm and (B) from an SMPS, measuring over
the electrical mobility diameter range (Dmobilityp ) 10 to 900 nm. Braking state variables (C) brake rotor temperature and (D) braking torque.
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ultrafine and coarse modes. It should be noted however that the
presence of multiply charged particles with diameters larger than
900 nm could be contributing to the magnitude of this mode, as
such particles would not be charge-corrected with our inversion
method. In addition to illustrating the dynamic nature of BWP
formation, these results also highlight the differences in particle
generation between different brake pad types.

Charged Particle Fractions and Distributions. The fraction of
electrically charged BWP concentration to total BWP concen-
tration was measured with two condensation particle counters
(CPCs), one directly sampling the total concentration and the
other downstream of an electrostatic precipitator that captured
all charged species (Materials and Methods, Section 2). Both
brake types tested generated charged particles, but with distinct
differences in charged fraction. Fig. 2A shows the charged fraction
over the course of the first hour of experiments for both brake pad
types. For the ceramic pads, we observed that spinning the rotor
resulted in a 46 ± 1.4% charged fraction (±1 SD), indicating
that brake drag generates charged particles during cruising (i.e.,
no braking) conditions. A similar phenomenon was observed
for semi-metallic pads, although the fraction decayed to a much
lower value of 11 ± 1.5% during cruising. With the ceramic
pads, the fraction started to increase as braking commenced,
with spikes coinciding with the onset of each braking event (see
SI Appendix, Fig. S3 for the full dataset for each experiment).
The fraction continued to climb throughout the first half hour
of the experiment but then leveled off at a charged fraction of
81 ± 1.5%, a fraction maintained throughout the rest of the
experiment. A similar temporal behavior was observed for semi-
metallic brakes, albeit with a lower steady-state fraction reached
of 25± 2.7%.

To examine the distribution of charged BWPs across both po-
larities, two SMPS systems sampling in parallel were configured so
that only ambient charged positive or negative particles could be
measured (Materials andMethods, Section 3). Fig. 2B andC show
the electrical mobility distributions of positively and negatively
charged BWPs, respectively, from ceramic and semi-metallic
brake pads. Both brake types generated positively and negatively
charged particles with a wide range range of electrical mobilities.
For both pads, braking produced more negatively charged
particles. This bias toward the negative polarity is consistent with
previous work investigating the emission of charged particles
from various materials upon tribological (i.e., frictional) contact,
including emissions from ceramic wear surfaces (39, 40). Though
the charging mechanism is not completely understood, it is
known that electrons can be emitted from frictional contact,
a process driven by the excitation of surface electrons on
materials with low work functions such as metals (41, 42). It is
therefore reasonable to suspect that emitted electrons could ionize
surrounding air molecules or directly interact (43) with BWPs
to impart electrical charge. In addition, the greater diffusivity
of electrons compared to positive ions could also potentially
explain the bias toward negative particle charges (44). Compared
to the ceramic pads, the semi-metallic brake pads produced
fewer charged particles across both polarities, in agreement with
our observations of a lower charged fraction (Fig. 2A) and
fewer total measurable particles (Fig. 1A and B) for this pad
formulation. These differences in particle generation and charged
aerosol properties between the two brake pad types are likely
due to morphological differences on the brake pad surface (45)
as well differences in composition, specifically in metals (46).
Differences in the electronic work functions of the materials
used in each brake pad could drive differences in the amount of
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charge that accumulates on the pad surface. Such a difference is
used to describe the triboelectric effect or static electricity (47).
Despite these differences, it is intriguing that the distributions of
negatively charged particles were centered at a mobility diameter
of∼ 75 nm (or an electrical mobility of 4.5×10−8 m2 V−1s−1)
for both brake types during the period of steady-state generation,
while the positively charged particles were centered at ∼ 85
nm (3.6× 10−8 m2 V−1s−1), suggesting a common generation
mechanism.

Brake Wear Particle Charge States. The electrical charge state
of BWPs was investigated using tandem differential mobility
analysis (TDMA; Materials and Methods, Section 3). In brief,
particles with an equivalent singly charged mobility diameter
(referred to hereafter as simply “mobility diameter”) ranging from
35 to 95 nm were selected with a first DMA and then neutralized
and analyzed for charge state with a second DMA. TDMA has
previously been adopted to investigate the charge state of aerosols
generated from motor vehicle exhaust (48), as well as ambient
aerosols measured near freeways (49). Fig. 3 shows representative
neutralized particle size distributions with corresponding charge
state measured for ceramic brake pad BWPs. Distributions for all
selected mobilities measured for both brake types are provided
in SI Appendix, Figs. S4 and S5. In general, as we increased
the mobility diameter of BWPs measured, we observed that the
number of singly charged particles decreases. As exemplified in
the positive case, most of the 45 nm charged particles were singly
charged (Fig. 3A), since the re-neutralized distribution consisted
mostly of a peak at 45 nm. In contrast, the re-neutralized
distribution for 65 nm charged particles (Fig. 3B) mainly featured
larger particles and a small peak at 65 nm, indicating that
most of the particles measured at this mobility were actually
multiply charged. At the mobility diameter corresponding to
the peak concentration for positively charged particles (85 nm as
shown in Fig. 2B), larger particles dominated the size distribution
(Fig. 3C ) indicating that multiply charged particles dominated
at this mobility. The TDMA data also provide an explanation for
the minimum in the particle size distribution at 100 nm (Fig. 1B):
The singly charged population decreased at diameters < 100 nm
and the multiply charged population were highly charged with
mobility diameters > 200 nm. A similar trend was observed
for negatively charged particles (Fig. 3 D–F ), where the singly
charged peak is almost undetectable near the peak concentration
for negatively charged BWPs (73 nm mobility diameter, Fig. 2C ).

Unlike charged particles produced during combustion
(48, 50), it is apparent that charged BWPs are not in charge
equilibrium, with most particles larger than a mobility diameter
of 50 nm having 10 to 30 elementary charges. The average charge
state of BWPs measured was calculated by fitting each charge
state distribution to a model function (Materials and Methods,
Section 4). The results are shown in SI Appendix, Fig. S7.
For the mobility range tested, the average charge state varied
between 1 and over 30 elementary charges per particle, depending
on the particular mobility measured. Intriguingly, the highest
charge states calculated for positively charged particles from either
brake pad type exceeded those calculated for negatively charged
particles. In the ceramic brake experiments, for example, the
highest average charge states observed were 38 ± 1.0 and 26 ±
0.9 for positive and negative 55-nm mobility diameter particles,
respectively. Comparing between brake pad types, the charge
states observed from the ceramic brake pads were higher than
those observed from the semi-metallic pads, specifically for the
positively charged particles (e.g., the average charge of a∼65-nm
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Fig. 3. Charge state distributions for BWPs emitted from ceramic brake
pads. Distributions of positively charged particles (Left column, in red) are
shown for particles with selected mobility diameters of (A) 45 nm, (B) 65 nm,
and (C) 85 nm. Distributions of negatively charged particles (Right column, in
blue) are shown for mobility diameters of (D) 45 nm, (E) 65 nm, and (F ) 73 nm.
The dashed lines indicate the model results. Shaded areas correspond to the
SD of multiple measurements.

mobility diameter particle from ceramic brakes was 30± 0.4 but
23 ± 3.3 from semi-metallic brakes). This might be an effect of
the differences in pad composition but may also be a consequence
of the higher torques achieved for the ceramic pads during
these experiments. It should be noted that although the brake
pneumatic pressure was not changed for each experiment, the
resulting torque and rotor temperature were variables that depend
on complex factors such as pad history, chamber temperature and
RH, and pad and rotor surface morphology (51). Despite the
observed differences, it is remarkable how similar the relationship
is between average charge state and equivalent mobility diameter
across both brake types and polarities, resembling log-normal
distributions with maxima located around 50 to 70 nm. Similar to
the charge distribution measurement with SMPS, this similarity
also suggests a common mechanism is inherent to the braking
action.

Although our observations captured the charge states of BWPs
with measurable electrical mobilities, we could not probe the
charge states of BWPs larger than the SMPS scanning range
with the adopted methodology. To assess the extent to which
our observations account for the total number of charged species
generated by braking, we compared the aerosol current predicted
by our tandem differential mobility analysis to a current measured
using a Faraday cup electrometer (FCE), which operated in
parallel with the electrical mobility distribution measurements.
The predicted current was obtained by applying the model fits
from our average charge distributions (SI Appendix, Fig. S7) to
the electrical mobility data (Materials and Methods, Section 4).
The results of this comparison for ceramic brakes are shown in
Fig. 4, while the results for semi-metallic brakes are shown in SI
Appendix, Fig. S9. For both brake pad types, our prediction could
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only account for a fraction of the current observed with the FCE,
on average only accounting for 26 ± 11% of the FCE current
from ceramic pads, and 18 ± 8.5% for the semi-metallic pads.
This implies the existence of charged species with sizes outside
the range that can be characterized by TDMA. To investigate the
presence of micron-sized charged particles, we also measured the
charged particle fraction with the APS (SI Appendix, Fig. S10).
Although a quantitative fraction cannot be obtained with this
measurement, it is apparent from our data that many BWPs with
aerodynamic diameters larger than 1,000 nm are also electrically
charged. To characterize the charge state of these larger species,
an area of future work will focus on coupling a mobility classifier
to a micron-particle sizing instrument, such as an APS. As noted
previously, it is also reasonable to suspect that gaseous ions
and electrons are released during braking events, a well-known
consequence of tribological abrasion between metals (52), and
are thus also contributing to the FCE current.

Atmospheric Implications. The presence of electric charges on
aerosol particles in the atmosphere has received recent attention as
a property of potentially far-reaching climatic significance. Elec-
trical charges have been shown to enhance the growth of newly
formed particles in the atmosphere (53–55), a phenomenon
attributed in part to enhanced collision rates with ions of the
opposing polarity (56). Coagulation rates with larger particles are
also enhanced (23, 24), and the growth rates of cloud conden-
sation nuclei with multiple charges are higher compared to
electrically neutral nuclei (57), thereby promoting cloud droplet
activation. Particles with many charges (30+) are observed in the
atmosphere at the top of thunderclouds, for instance, where it has
been demonstrated they can provide a pathway to ice nucleation
via collisions with supercooled droplets (58).

Electric charges may also impact the atmospheric lifetime
and transport properties of aerosol particles. Motivated by the
observed transport of Saharan dust (<2.5 μm) at distances
far greater than predicted by models (59, 60), it was recently
shown that charges could prolong the lifetime of micron-sized
particles (25, 26). The mechanism involves the influence of
ambient electric fields on their transport such as those observed in

thunderstorms (61) or fair weather (62), allowing dust particles
to be carried aloft and resist gravitational settling (63).

In addition to the role that charge may play in the transport
and climatic impacts of BWPs, the observation that BWPs are
mostly charged, and that most are highly charged, suggests that
mitigation efforts such as that proposed by Woo et al. (33) can be
highly effective. This can have far-reaching consequences, since
the environmental impacts of BWPs extend beyond the atmo-
sphere to aquatic systems (64) and soils (65). Our observations
also imply a sizeable dependence of charged particle number on
brake pad type, motivating the need to determine the relationship
between particle electrical properties and brake pad composition.
Understanding the relationships between BWP size, charge state,
and key state variables such as braking torque and rotor surface
temperature can ultimately lead to the development of true zero-
emission vehicles that would lessen impacts of motor vehicles on
human health and the environment.

Materials and Methods

Section 1: Brake Dynamometer. The custom-built dynamometer used in this
study (schematic provided in SI Appendix, Fig. S1) employed a heavy-duty
metal-working lathe to rotate a G3000 rotor (BrakeBest, model 96211RGS),
which was capable of achieving the torque produced in real-world braking.
The disk brake caliper was a common model (Kodiak, model 225) for which a
large variety of brake pads are commercially available. Two brake pads were
tested: ceramic (Kodiak, model DBC-225) and semi-metallic (BrakeBest, model
MKD289). Braking force was applied using an electric over hydraulic brake
actuator (Hydrastar, model HBA-12) and a brake controller (Tekonsha, model
PowerTrac), the latter of which was modified to accept computer control of
braking force and time. An 87 L aluminum chamber enclosed the brake system
to allow for clean, particle-free air to be introduced using a purge air generator
(Parker Balston, model 75-62) with a downstream HEPA capsule filter (TSI, part #
1602051), thus isolating sampled emissions from background air. Also housed
in the chamber were sensors for monitoring chamber relative humidity and
temperature (Vaisala, model HMP-44), an infrared non-contact temperature
sensor for measuring the temperature of the rotor surface (Omega, model
OS301-HT), a pressure sensor for monitoring the pneumatic fluid pressure (AiM,
MC-327), and a torque sensor for monitoring the torque applied to the brake
caliper (ATO, model ATO-TQS-S01). DOT 3 brake fluid (O’Reilly, part 72120) was
used for the braking system.

Braking was simulated by rotating the brake rotor at constant speed and
applying a step-function pattern of braking pneumatic pressure to the caliper.
This methodology is similar to that adopted by Zessinger et al. (66). This approach
allowed us to achieve characteristic operating points such as braking torque and
rotor temperature in a consistent manner that can be successfully reproduced
over time. The rotor speed was maintained at 173 rpm for the duration of
each experiment. For these experiments, a pneumatic pressure of 1,400 kPa,
corresponding to a measured braking torque of 120 N·m, was applied to the
brake caliper for a duration of 8 s, followed by a cruising phase (no braking)
of 45 s. This pattern was repeated for 1 to 2 h, heating the rotor surface to
a temperature of ∼130 ◦C. Each brake pad underwent a bedding procedure
using the same braking cycles described above, reaching rotor temperatures up
to∼200 ◦C.

Particles inside the chamber were counted and sized using an aerodynamic
particle sizer (APS; TSI, Inc., model 3321), which measured over an aerodynamic
diameter range of 500 to 22,000 nm, and a scanning mobility particle sizer
(SMPS) consisting of a differential mobility analyzer (DMA, TSI, Inc., model
3081) coupled to a mixing condensation particle counter (MCPC; Brechtel
Manufacturing, Inc., model 1720), which measured an electrical mobility
diameter range of 10 to 900 nm. The chamber was continuously flushed with
particle-free purge air at a flow rate of 35 L min−1, and interior surfaces were
periodically cleaned with vacuum suction and wiped with isopropyl alcohol to
minimize artifacts caused by particle resuspension.
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Section 2: Charged Fraction Measurement. The fraction of charged BWPs
was determined using two water-based CPCs (Aerosol Devices, Inc., model
MAGIC 210) measuring particle number concentrations in parallel (size range
5 to 2,500 nm), with one CPC measuring downstream of a home-built
electrostatic precipitator and the other serving as a bypass counter for measuring
total particle concentration. The electrostatic precipitator served as a deposition
sink for charged aerosol, allowing only electrically neutral particles to be
transmitted. It consisted of a 3-mm diameter electrically isolated rod located
on the axis of a 150-mm length of stainless steel straight tubing with a
7.5-mm inner diameter. A voltage of 1,200 V was applied to the inner rod
and the outer tube was grounded. This voltage was chosen by taking into
account the precipitator dimensions as well as the inlet flow rate (0.3 L
min−1) and was experimentally confirmed by varying the voltage to a point
where the particle concentration passing through the precipitator was stable.
The charged particle fraction was therefore determined by subtracting the
number concentrations measured by the two CPCs and dividing by the bypass
concentration.

Section 3: Charge State Measurement. The electrical charge state of brake
wear aerosol was probed in a series of experiments using a tandem differential
mobility analyzer (TDMA) system, in a manner similar to what has been reported
previously (50). Before each experiment, the brakes were subjected to 1 h of
braking to reach the condition at which charged particle concentrations reached
steady state. SI Appendix, Fig. S8 depicts the electrical mobility distributions
and braking conditions during these warm-up periods. The experimental layout
is depicted in SI Appendix, Fig. S1. Briefly, a DMA (TSI, model 3081) was set
to a single voltage to select particles of a particular electrical mobility (e.g., an
equivalent mobility diameter of 50 nm if the particles are considered only singly
charged). The mobility-selected aerosol is then conditioned to a known charge
state by passing the sample stream through a bipolar neutralizer developed by
the Particle Technology Lab (PTL) at the University of Minnesota as described by
Jiang et al. (67). A second DMA (TSI model 3081) then scanned over the full
mobility diameter range (10 to 730 nm), whereafter particles were counted with
an MCPC. Data were inverted and charge state distributions calculated using
the methods described in Section 4. The bipolar neutralizer was removed before
each experiment to observe the transfer function of the first DMA. The results
of these measurements are depicted in SI Appendix, Fig. S6. Experiments
were repeated to obtain charge state distributions for both negatively and
positively charged particles with electrical mobility diameters ranging from
35 to 95 nm.

Additionally, to examine the charged particle distributions across a broader
range of mobilities, the electrical mobility distributions for both positively and
negatively charged BWPs were obtained by using two DMA systems consisting
of model 3081 DMAs (TSI, Inc.) and MCPCs operating in parallel with high
voltage power supplies of opposing polarity. Both systems were sampled in the
absence of bipolar neutralizers to ensure that only ambient charged particle size
distributions were obtained.

An aerosol electrometer (Ioner, model EL-5030) was used to monitor the
aerosol current generated from braking. This measurement provided the overall
magnitude of net charge flow across a cluster and particle size range beyond
that of our mobility sizing instrumentation.

Section 4: Average Charge State Calculation. Using the TDMA data
(Section 3), we determined the total number-size distribution, n(dp), by
inverting the data with the Washington State University SMPS Data Inversion
Toolkit written in Igor Pro (Wavemetrics, Inc.). If sampled particles are multiply
charged, this distribution would consist of the superposition of individual transfer
functions in diameter space, d(dp,i, i), where dp,i is the mobility diameter of
a particle with i elementary charges:

n(dp) =
∑
i

hi ·d(dp,i, i), [1]

hi is the height of the transfer function for particles with i elementary charges.
The applied DMA voltages in these experiments were above the range at which
diffusional broadening is significant (68). In addition, measurements were over
a size range for which the size resolution is mostly determined by the ratio of
aerosol-to-sheath flow rates and the transfer function in diameter space d has
a triangular functional form as derived by Knutson and Whitby (69).

Values of hi in Eq. 1 were determined using Levenberg–Marquardt
least-squares fitting algorithm in Igor Pro. For the lower charge states,
1 ≤ i ≤ 5, we could directly fit hi to the size distribution. For higher
charge states, i > 5, transfer functions overlapped and could not be fitted
individually. Therefore, we represented the height of the transfer function as
hi = hl · LogNormal(dp; dp,geo, �geo) , where hl the height scaling of the log-
normal distribution with the location dp,geo and distribution parameter �geo.
The individual heights hi represent the occurrence of the ith-charge for the
selected mobility Z∗. With this, we calculated the average number of charges
for the corresponding equivalent diameter. The uncertainty of the calculated
charge state was analyzed with a Monte-Carlo approach, in which the individual
hi were randomly adjusted within the uncertainty range provided by the fit and
the charge state recalculated.

Data, Materials, and Software Availability. Comma delimited text files data
have been deposited in Data for: Automotive braking is a source of highly
charged aerosol particles (https://doi.org/10.5061/dryad.cfxpnvxc3) (70).

ACKNOWLEDGMENTS. We are grateful to Barbara J. Finlayson-Pitts for helpful
discussions and review of our first draft. We thank Mark Steinborn and Shane
Embleton for assistance with the dynamometer as well as Professors J. Bullock,
B. Boden-Albala and P. Khargonekar for their support. We also thank Eric S.
Saltzman for offering vital insight and posing questions that helped inspire this
study. We thank the California Department of Justice for providing the grant
that supported this work.

1. F. Karagulian et al., Contributions to cities’ ambient particulate matter (pm): A systematic review of
local source contributions at global level. Atmos. Environ. 120, 475–483 (2015).

2. R. M. Harrison, A. M. Jones, J. Gietl, J. Yin, D. C. Green, Estimation of the contributions of brake
dust, tire wear, and resuspension to nonexhaust traffic particles derived from atmospheric
measurements. Environ. Sci. Technol. 46, 6523–6529 (2012).

3. N. Bukowiecki et al., PM10 emission factors for non-exhaust particles generated by road traffic in an
urban street canyon and along a freeway in Switzerland. Atmos. Environ. 44, 2330–2340 (2010).

4. S. Lawrence et al., Source apportionment of traffic emissions of particulate matter using tunnel
measurements. Atmos. Environ. 77, 548–557 (2013).

5. J. C. Fussell et al., A review of road traffic-derived non-exhaust particles: Emissions, physicochem-
ical characteristics, health risks, and mitigation measures. Environ. Sci. Technol. 56, 6813–6835
(2022). https://doi.org/10.1021/acs.est.2c01072.

6. N. Rietmann, B. Hügler, T. Lieven, Forecasting the trajectory of electric vehicle sales and the
consequences for worldwide CO2 emissions. J. Clean. Product. 261, 121038 (2020).

7. M. Gasser et al., Toxic effects of brake wear particles on epithelial lung cells in vitro. Particle Fibre
Toxicol. 6, 30 (2009).

8. J. Zhao, N. Lewinski, M. Riediker, Physico-chemical characterization and oxidative reactivity
evaluation of aged brake wear particles. Aerosol. Sci. Technol. 49, 65–74 (2015).

9. M. E. Gerlofs-Nijland et al., Inhalation toxicity profiles of particulate matter: A comparison between
brake wear with other sources of emission. Inhalation Toxicol. 31, 89–98 (2019).

10. N. Stojanovic, J. Glisovic, O. I. Abdullah, A. Belhocine, I. Grujic, Particle formation due to brake
wear, influence on the people health and measures for their reduction: A review. Environ. Sci.
Pollut. Res. 29, 9606–9625 (2022).

11. J. Shen et al., Aerosol oxidative potential in the Greater Los Angeles area: Source apportionment
and associations with socioeconomic position. Environ. Sci. Technol. 56, 17795–17804 (2022).
https://doi.org/10.1021/acs.est.2c02788.

12. H. G. Namgung et al., Generation of nanoparticles from friction between railway brake
disks and pads. Environ. Sci. Technol. 50, 3453–3461 (2016). https://doi.org/10.1021/acs.est.
5b06252.

13. B. D. Garg et al., Brake wear particulate matter emissions. Environ. Sci. Technol. 34, 4463–4469
(2000).

14. P. G. Sanders, N. Xu, T. M. Dalka, M. M. Maricq, Airborne brake wear debris: Size distributions,
composition, and a comparison of dynamometer and vehicle tests. Environ. Sci. Technol. 37,
4060–4069 (2003).

15. T. Grigoratos, G. Martini, Brake wear particle emissions: A review. Environ. Sci. Pollu. Res. 22,
2491–2504 (2015).

16. M. L. Feo et al., Laboratory and on-road testing for brake wear particle emissions: A review. Environ.
Sci. Pollu. Res. 30, 100282–100300 (2023).

17. M. Alemani, O. Nosko, I. Metinoz, U. Olofsson, A study on emission of airborne wear particles from
car brake friction pairs. SAE Int. J. Mater. Manuf. 9, 2015–01-2665 (2015).

18. O. Nosko, U. Olofsson, Quantification of ultrafine airborne particulate matter generated by the wear
of car brake materials. Wear 374–375, 92–96 (2017).

19. F. H. F. zum Hagen et al., Study of brake wear particle emissions: Impact of braking and cruising
conditions. Environ. Sci. Technol. 53, 5143–5150 (2019).

20. M. Mathissen, T. Grigoratos, T. Lahde, R. Vogt, Brake wear particle emissions of a passenger car
measured on a chassis dynamometer. Atmosphere 10, 556 (2019).

6 of 7 https://doi.org/10.1073/pnas.2313897121 pnas.org

https://www.pnas.org/lookup/doi/10.1073/pnas.2313897121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2313897121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2313897121#supplementary-materials
https://doi.org/10.5061/dryad.cfxpnvxc3
https://doi.org/10.1021/acs.est.2c01072
https://doi.org/10.1021/acs.est.2c02788
https://doi.org/10.1021/acs.est.5b06252
https://doi.org/10.1021/acs.est.5b06252


21. D. Hesse et al., Testing of alternative disc brakes and friction materials regarding brake wear particle
emissions and temperature behavior. Atmosphere 12, 436 (2021).

22. J. Leppä, T. Anttila, V. M. Kerminen, M. Kulmala, K. E. J. Lehtinen, Atmospheric new particle
formation: Real and apparent growth of neutral and charged particles. Atmos. Chem. Phys. 11,
4939–4955 (2011).

23. N. G. A. Mahfouz, N. M. Donahue, Technical note: The enhancement limit of coagulation
scavenging of small charged particles. Atmos. Chem. Phys. 21, 3827–3832 (2021).

24. N. G. A. Mahfouz, N. M. Donahue, Atmospheric nanoparticle survivability reduction due to
charge-induced coagulation scavenging enhancement. Geophys. Res. Lett. 48, e2021GL09275
(2021).

25. J. M. Harper et al., The lifetime of charged dust in the atmosphere. Proc. Natl. Acad. Sci. U.S.A.
Nexus 1, 1–8 (2022).

26. J. R. Toth III et al., Electrostatic forces alter particle size distributions in atmospheric dust. Atmos.
Chem. Phys. 20, 3181–3190 (2020).

27. C. P. Yu, K. Chandra, Precipitation of submicron charged particles in human lung airways. Bull.
Math. Biol. 39, 471–478 (1977).

28. T. L. Chan, M. Lippmann, V. R. Cohen, R. B. Schlesinger, Effect of electrostatic charges on particle
deposition in a hollow cast of the human larynx-tracheobronchial tree. J. Aerosol Sci. 9, 463–468
(1978).

29. G. Scheuch, J. Gebhart, C. Roth, Uptake of electrical charges in the human respiratory tract during
exposure to air loaded with negative ions. J. Aerosol. Sci. 21, S439–S442 (1990).

30. H. Majid, P. Madl, W. Hofmann, K. Alam, Implementation of charged particles deposition in
stochastic lung model and calculation of enhanced deposition. Aerosol Sci. Technol. 46, 547–554
(2012).

31. O. S. Usmani et al., No evidence that electric charge increases inhaled ultrafine particle deposition
in human lungs. Am. J. Resp. Critical Care Med. 201, 1301–1303 (2020).

32. M. Eriksson, S. Jacobson, Tribological surfaces of organic brake pads. Tribol. Int. 33, 817–827
(2000).

33. S. H. Woo, G. Lee, B. Han, S. Lee, Development of dust collectors to reduce brake wear PM
emissions. Atmosphere 13, 1121 (2022).

34. A. Iijima et al., Particle size and composition distribution analysis of automotive brake abrasion
dusts for the evaluation of antimony sources of airborne particulate matter. Atmos. Environ. 41,
4908–4919 (2007).

35. H. Hagino, M. Oyama, S. Sasaki, Laboratory testing of airborne brake wear particle emissions
using a dynamometer system under urban city driving cycles. Atmos. Environ. 131, 269–278
(2016).

36. J. Park et al., Analysis of wear induced particle emissions from brake pads during the worldwide
harmonized light vehicles test procedure (WLTP). Wear 466–467, 203539 (2021).

37. M. Mosleh, P. J. Blau, D. Dumitrescu, Characteristics and morphology of wear particles from
laboratory testing of disk brake materials. Wear 256, 1128–1134 (2004).

38. J. Wahlström, L. Olander, U. Olofsson, Size, shape, and elemental composition of airborne wear
particles from disc brake materials. Tribol. Lett. 38, 15–24 (2010).

39. K. Nakayama, N. Suzuki, H. Hashimoto, Triboemission of charged particles and photons from solid
surfaces during frictional damage. J. Phys. D: Appl. Phys. 25, 303–308 (1992).

40. K. Nakayama, H. Hashimoto, Triboemission of charged particles and photons from wearing ceramic
surfaces in various gases. Tribol. Trans. 35, 643–650 (1992).

41. J. Y. Park, M. Salmeron, Fundamental aspects of energy dissipation in friction. Chem. Rev. 114,
677–711 (2014).

42. H. Nienhaus, Electronic excitations by chemical reactions on metal surfaces. Surf. Sci. Rep. 45, 1–78
(2002).

43. F. J. Romay, D. Y. Pui, Free electron charging of ultrafine aerosol particles. J. Aerosol. Sci. 23,
679–692 (1992).

44. W. A. Hoppel, G. M. Frick, Ion-aerosol attachment coefficients and the steady-state charge
distribution on aerosols in a bipolar ion environment. Aerosol. Sci. Technol. 5, 1–21 (1986).

45. W. Song, J. Park, J. Choi, J. J. Lee, H. Jang, Effects of reinforcing fibers on airborne particle
emissions from brake pads. Wear 484–485, 203996 (2021).

46. J. Hulskotte, G. Roskam, H. D. van der Gon, Elemental composition of current automotive braking
materials and derived air emission factors. Atmos. Environ. 99, 436–445 (2014).

47. T. Freund, Tribo-electricity. Adv. Colloid Interface Sci. 11, 43–66 (1979).
48. M. M. Maricq, On the electrical charge of motor vehicle exhaust particles. J. Aerosol. Sci. 37,

858–874 (2006).
49. E. S. Lee, B. Xu, Y. Zhu, Measurements of ultrafine particles carrying different number of charges in

on- and near-freeway environments. Atmos. Environ. 60, 564–572 (2012).
50. S. Kim, K. Woo, B. Liu, M. Zachariah, Method of measuring charge distribution of nanosized

aerosols. J. Colloid Interface Sci. 282, 46–57 (2005).
51. T. Libsch, S. Rhee, Microstructural changes in semimetallic disc brake pads created by low

temperature dynamometer testing. Wear 46, 203–212 (1978).
52. Y. Momose, T. Namekawa, Exoelectron emission from metals subjected to friction and wear, and its

relationship to the adsorption of oxygen, water vapor, and some other gases. J. Phys. Chem. 82,
1509–1515 (1978).

53. P. M. Winkler et al., Heterogeneous nucleation experiments bridging the scale from molecular ion
clusters to nanoparticles. Science 319, 1374–1377 (2008). https://www.science.org/doi/abs/10.
1126/science.1149034.

54. M. Kulmala, V. M. Kerminen, On the formation and growth of atmospheric nanoparticles. Atmos.
Res. 90, 132–150 (2008). https://www.sciencedirect.com/science/article/pii/S0169809508000082.

55. D. Stolzenburg et al., Enhanced growth rate of atmospheric particles from sulfuric acid. Atmos.
Chem. Phys. 20, 7359–7372 (2020).

56. J. Pfeifer et al., Measurement of the rate coefficients between atmospheric ions and multiply
charged aerosol particles in the CERN cloud chamber. Atmos. Chem. Phys. Dis. 2022, 1–27 (2022).
https://acp.copernicus.org/preprints/acp-2022-805/.

57. S. Guo, H. Xue, The enhancement of droplet collision by electric charges and atmospheric electric
fields. Atmos. Chem. Phys. 21, 69–85 (2021).

58. B. A. Tinsley, R. P. Rohrbaugh, M. Hei, K. V. Beard, Effects of image charges on the scavenging of
aerosol particles by cloud droplets and on droplet charging and possible ice nucleation processes.
J. Atmos. Sci. 57, 2118–2134 (2000).

59. A. A. Adebiyi, J. F. Kok, Climate models miss most of the coarse dust in the atmosphere. Sci. Adv. 6,
eaaz9507 (2020).

60. P. D. Rosenberg et al., Quantifying particle size and turbulent scale dependence of dust flux in the
Sahara using aircraft measurements. J. Geophys. Res.: Atmos. 119, 7577–7598 (2014).

61. M. Stolzenburg et al., Electric field values observed near lightning flash initiations. Geophys. Res.
Lett. 34, L04804 (2007).

62. R. G. Harrison, Fair weather atmospheric electricity. J. Phys.: Conf. Ser. 301, 012001 (2011).
63. Z. Ulanowski, J. Bailey, P. W. Lucas, J. H. Hough, E. Hirst, Alignment of atmospheric mineral dust

due to electric field. Atmos. Chem. Phys. 7, 6161–6173 (2007).
64. A. Volta et al., Ecotoxicological effects of atmospheric particulate produced by braking systems on

aquatic and edaphic organisms. Environ. Int. 137, 105564 (2020). https://www.sciencedirect.com/
science/article/pii/S0160412019343521.

65. K. Arole et al., Impacts of particles released from vehicles on environment and health. Tribol. Int.
184, 108417 (2023). https://www.sciencedirect.com/science/article/pii/S0301679X23002049.

66. H. Niemann, H. Winner, C. Asbach, H. Kaminski, M. Zessinger, “System identification method for
brake particle emission measurements of passenger car disc brakes on a dynamometer” (Technical
Paper 2018-01-1884, SAE, 2018; https://doi.org/10.4271/2018-01-1884).

67. J. Jiang et al., Aerosol charge fractions downstream of six bipolar chargers: Effects of ion source,
source activity, and flowrate. Aerosol. Sci. Technol. 48, 1207–1216 (2014). https://doi.org/10.1080/
02786826.2014.976333.

68. R. C. Flagan, On differential mobility analyzer resolution. Aerosol. Sci. Technol. 30, 556–570 (1999).
https://doi.org/10.1080/027868299304417.

69. E. O. Knutson, K. T. Whitby, Aerosol classification by electric mobility: Apparatus, theory, and
applications. J. Aerosol. Sci. 6, 443–451 (1975). http://www.sciencedirect.com/science/article/pii/
0021850275900609.

70. A. Thomas, J. Smith, Data for “Automotive braking is a source of highly charged aerosol particles”.
Dryad. https://doi.org/10.5061/dryad.cfxpnvxc3. Deposited 9 January 2024.

PNAS 2024 Vol. 121 No. 13 e2313897121 https://doi.org/10.1073/pnas.2313897121 7 of 7

https://www.science.org/doi/abs/10.1126/science.1149034
https://www.science.org/doi/abs/10.1126/science.1149034
https://www.sciencedirect.com/science/article/pii/S0169809508000082
https://acp.copernicus.org/preprints/acp-2022-805/
https://www.sciencedirect.com/science/article/pii/S0160412019343521
https://www.sciencedirect.com/science/article/pii/S0160412019343521
https://www.sciencedirect.com/science/article/pii/S0301679X23002049
https://doi.org/10.4271/2018-01-1884
https://doi.org/10.1080/02786826.2014.976333
https://doi.org/10.1080/02786826.2014.976333
https://doi.org/10.1080/027868299304417
http://www.sciencedirect.com/science/article/pii/0021850275900609
http://www.sciencedirect.com/science/article/pii/0021850275900609
https://doi.org/10.5061/dryad.cfxpnvxc3

	Materials and Methods

