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Abstract: Brake-related airborne particulate matter contributes to urban emissions in the transport
sector. Recent research demonstrated a clear dependence of the number of ultra-fine particles on the
disc brake temperature. Above the so-called transition temperature, the number of ultra-fine particles
increases dramatically (several magnitudes). As for exhaust emissions, part of the emissions released
during braking can be in the volatile fraction. For this reason, a disc brake test stand specifically
designed for aerosol research was equipped with three different aerosol sampling instruments:
(i) a standard cascade impactor, (ii) a cascade impactor operating at high temperature with a heated
sampling line, and (iii) a standard cascade impactor with a thermodenuder. Tests with a brake
assembly representative of European passenger vehicles were executed, and the concentration of
released airborne particles was determined. The results showed a decrease by several magnitudes
in the concentration (in the size range of below 200 nm) using the cascade impactor operating at
180 ◦C with the sampling line heated to 200 ◦C. A further decrease in the concentration of airborne
particles with size fractions below 200 nm was measured using a standard cascade impactor with a
thermodenuder heated to 300 ◦C.

Keywords: brake emissions; heated sampling line; heated charger; thermodenuder; volatiles

1. Introduction

Aerosols generated by car disc brake systems contribute considerably to emissions in urban areas [1].
Studies from field tests, dedicated laboratory tests in disc brake dynamometers, and pin-on-disc
tribometers reveal a wide spectrum of aerosol ranges from above 10 µm to below 6 nm [2–4].
Furthermore, recent research shows that the size of disc brake aerosols can be reduced to 1 nm [5].

Disc brakes typically consist of two pads that are pressed against the rotor to stop the vehicle
by mechanical friction. There is a critical brake material temperature at which the ultrafine particle
emission rate rises stepwise by 10 times for railway brake operations [6] and by four to six orders
of magnitude in the case of passenger car friction brake operations. This was demonstrated at the
pin-on-disc level where Nosko et al. [7] found a transition temperature of 168–189 ◦C measured
in the disc material. Similarly, Alemani et al. [4,8,9] observed that the transition temperature was
unaffected by other testing conditions in the range 165–190 ◦C. Instead, Wahlström et al. [10] found
that the ultrafine number increased by several magnitudes when the pin temperature approached
300 ◦C. The issue of the transient temperature at the brake dynamometer level was also addressed by
Mathissen et al. [11] who noticed that emissions were at about 109 N/stop up to a disc temperature of
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160 ◦C, while the number rose by five orders of magnitude for higher temperatures. Garg et al. [12]
stated that the particle number increased by 1–2 orders of magnitude when the temperature rose from
200 to 400 ◦C because of supposed condensation phenomena that could be influenced by airflow used
in the experiment. Kukutschová et al. [13] noticed an increase in particle concentration in the ultrafine
fraction when the rotor temperature exceeded 300 ◦C because the organics present in the friction
brake material initiated combustion. In addition, the temperature transition process is reversible,
and the concentration decreases when the temperature decreases. Below the critical temperature, fine
particles outnumber coarse particles, although the coarse particles predominantly contribute to the
mass of particulate matter. Above the critical temperature, ultrafine particles constitute almost 100% of
the total particle number, and their relative mass contribution can exceed 50% [4]. Recently, Nosko
and Olofsson [14] found that the effective density of the disc brake aerosols was 0.75 ± 0.2 g/cm3,
and that effective density was sensitive to temperature variations in the disc brake pad and rotor
material. The effective density decreased with a temperature in the range of 110–360 ◦C. There is a
large difference between the effective density and the apparent density of particle material, which
suggests that the particles are porous [15].

In the case of assessing car exhaust emissions, special attention has been given to the volatile
fraction of tailpipe aerosols, and observations have affected the standardized methods of exhaust
emission measurements [16,17]. In contrast, only few studies have started to assess the volatile fraction
of brake particle emissions. The already published studies were limited to analysis of the content of
organic compounds in friction materials of new pads or brake debris collected after brake dynamometer
tests [18,19]. Other work showed utilization of volatile particle removers in the case of a singular brake
dynamometer test configuration and concluded that, in this specific case, there was no falsification of
results because of the non-exhaust brake volatiles [20].

Volatile material may remain in the gas phase, condense on solid particles, or form new particles by
nucleation. For example, in terms of the urban background particulate matter (PM) with aerodynamic
diameter less than 2.5 µm (PM2.5), it has been shown that in southern Europe 65%–70% of the
PM2.5 concentration arises from secondary aerosols, whereas only 30%–35% is attributed to primary
aerosols [21]. To study the behaviour of an aerosol in terms of the degree of thermal instability as a
function of temperature, one possibility is that the aerosol passes through a heater before it enters
the specific aerosol analysing instrument [22,23]. One of the modern evolutions of this concept is in
the case of Euro 5b/6 legislation for a volatile particle remover (VPR) in which the sampled aerosol
passes through an evaporation tube so all volatile particles evaporate from the sample [24,25]. Another
alternative is to use a thermodenuder (TD), which is an instrument specifically designed to remove
volatile material from aerosol particles through thermal desorption [26–29]. A thermodenuder consists
of a heated tube where volatile material is desorbed from the particles and a water- or air-cooled tube
consisting of activated charcoal. This last tube removes desorbed material and, thus, prevents it from
being re-absorbed onto the particles consisting only of the non-volatile portion of the aerosol. Although
the TD was originally designed for measuring particulate emissions from combustion processes, it can
also be applied to the measurement of atmospheric aerosols.

Since a brake event is a transient process, a high sampling frequency instrument with considerable
size resolution is necessary for disc brake aerosol studies, and such an instrument used in combination
alternatively with a heated sampling line (HSL) and a thermodenuder can provide information on
the number and size distribution of the volatile fraction in disc brake aerosols. For this reason,
the experiments within this research were designed to study the effect of both a heated sampling line
and a thermodenuder on the number of particles in a given size interval as well as on the emission
factors of airborne particles released during the full-scale dynamometer test.

2. Materials and Methods

A front left disc brake assembly characteristic of a typical medium-size European passenger car was
used in this work. The disc brake consisted of a ventilated disc made of cast iron, an aluminium fixed
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calliper with four pistons, and two brake pads. Detailed vehicle and brake system data were presented
in [30]. The chemical composition of the brake pad obtained by X-ray fluorescence spectroscopy is
presented in Table 1, whereas the chemical composition of the brake disc measured using optical
emission spectroscopy is shown in Table 2.

Table 1. Chemical composition of brake pads (wt.%).

Sample Mg Si Al S Ca Fe Cu Zn Cr Zr Sn C

Brake Pads 11.1 6.3 9.8 5.6 5.2 7.6 5.8 13.4 3.5 0.1 9.3 22.3

Table 2. Chemical composition (wt.%) of a disc.

Sample C Si Mn P S Fe

Disk 1 3.40 1.70 0.57 0.03 0.26 93.6

The friction material belonged to the low-metallic brake lining category that is currently most
widely used in Europe [31,32]. A disc brake dynamometer specifically designed for aerosol studies
was used in this work. Design of this test stand was discussed in previous works [33,34]. The main
features implemented in this test stand were: controlled clean air and isokinetic sampling with high
sampling efficiency. A closed clean air system was realized by building a slightly over-pressurized
box around the brake assembly and using high efficiency particulate air (HEPA) filters to convey the
filtered air to over-pressurized box. Two isokinetic probes were used at the outlet and were connected
to two cyclones (Dekati® Cyclone) with a 10 µm cut point at 10 L/min (0.6 m3/h). The volume rate of
aerosol sampled from the impactor was 10 L/min, whereas the total volume rate through the box was
1175 m3/h. This meant that the volume fraction of the sampled aerosol was 0.051%.

To measure particulate number emissions, three different instruments were alternatively connected
to the cyclones: (i) a standard cascade impactor (Dekati ELPI®+, also referred to as ELPI+); (ii) a cascade
impactor operating at high temperature (Dekati High Temperature ELPI®+, also called HT ELPI+)
with a heated sampling line (Dekati® DEED-150), charger, and impactor; and (iii) the same standard
cascade impactor as (i) whereas a thermodenuder (Dekati®Thermodenuder) was used as a sampling
line. A schematic of the experimental setup is illustrated in Figure 1.
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Figure 1. Schematic of the experimental setup. PU: pump; FL: HEPA filter; D: disc; M: motor; P: pad;
F: force; SD: sampling ducts, CY: cyclone; HSL: heated sampling line; HT ELPI+: cascade impactor
operating at high temperature; ELPI+: standard cascade impactor; and TD: thermodenuder.
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The ELPI+ instruments were used for real-time measurements of particle size distributions in
14 size stages (from 6 nm up to 10 µm) at a sampling frequency of 1 Hz [35]. The thermodenuder
consisted of an aerosol heater and active carbon absorber section. The heater section (up to 300 ◦C)
heated the aerosol sample when it entered the instrument and desorbed volatile compounds. After the
heater section, the aerosol sample entered the absorber, which absorbed the vaporized compounds
using active charcoal. Cooling air was applied around the absorber section to decrease the sample
temperature at the outlet to ambient levels. In the test presented here, the temperature of the heater
section of the thermodenuder was set to 300 ◦C.

A cascade impactor operating at high temperature allowed direct measurement of aerosol samples
up to 180 ◦C without the aerosol cooling down. This instrument was used in connection with a heated
sampling line that allowed the sampled aerosol to be heated up to 200 ◦C; the entire heated line was
150 cm long. In the test presented here, the HT ELPI+ was set to 180 ◦C (the temperature at the inlet of
the impactor), and the sampling line was heated to 200 ◦C. According to Kannosto [36], who described
the temperature profile in an HT ELPI+ impactor, the temperature at the inlet to the HT ELPI+ impactor
was approximately 180 ◦C, whereas the temperature at the outlet from the impactor was 120 ◦C. Inside
the impactor with collection plates, the distribution of the temperature was more homogenous and
ranged from 140–165 ◦C. Before carrying out the test, the HT ELPI+ instrument was left to stabilize for
five hours so that the temperature was stable. The HT ELPI+ calibration parameter file selected was
the one for a 180 ◦C working temperature.

The same setup of the inertia full-scale brake dynamometer as described in [34] was used
to measure brake torque, hydraulic pressure, pad temperature, and rotor temperature during the
braking events at a sample rate of 50 Hz. The temperatures of the pads were measured using K-Type
thermocouples positioned in the pad centre, 3 mm below the back plate, whereas the temperature
of the rotor was monitored with two sliding K-Type thermocouples on both contact surfaces and
one embedded thermocouple, 3 mm below the rotor surface, with a copper pin that connected the
thermocouple tip to the rotor surface.

A modified SAE-J 2707 procedure was used during testing (see Table 3). This modified test
procedure was first proposed by Perricone et al. [33] to conduct particle emission measurements.

Table 3. Test cycle used for evaluation of particle emission measurements.

Number Section
Initial
Speed
(km/h)

Final
Speed
(km/h)

Initial Rotor
Brake

Temperature (◦C)

Braking
Deceleration
(units of g)

Number of
Stops in SAE

Test Cycle
NSAE

Number of
Stops in

Present Test
Npresent

Cleaning for 5′

1 Burnish 50 4 100 0.25 100 100

Cleaning for 5′

2 Town block #1 50 4 150 0.25 200 20

Cleaning for 5′

4 Country road block #1 80 4 200 0.35 200 20

Cleaning for 5′

5 Country road block #2 100 4 125 0.4 200 20

Cleaning for 5′

7 Town block #2 50 4 150 0.25 200 20

Cleaning for 5′

8 County road block #3 100 4 125 0.4 200 20

3. Sampling Efficiency in the Thermodenuder and in the Heated Sampling Line (HSL)

Several processes may lead to losses of particles in the sampling line. The sampling line included:
(i) the sampling ducts and (ii) the thermodenuder or the heated line, before entering in the cascade
impactor or in the cascade impactor operating at high temperature, respectively, as shown in Figure 1.
With regard to the sampling ducts, the efficiency losses for the used dyno-bench setup were calculated
in [34]. To calculate losses of the particles in the thermodenuder and in the heated sampling line, we
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assumed that losses came from Brownian diffusion, thermophoresis, and sedimentation [37,38]; which
of these effects dominated depended on the temperature and particle size.

3.1. Aerosol Losses for the Thermodenuder

Particle losses in the thermodenuder were determined according to the user manual [39] with the
following formulas for the measured particle correction after the TD:

1− η = −9.7 · ln
(
Dp

)
− 0.5 ·Q + 68, Dp < 70 nm, (1)

1− η = −0.5 ·Q + 28, 70 nm ≤ Dp ≤ 500 nm, (2)

where η is the penetration of particles, Dp is the particle size (nm), and Q is the air flow rate (L/min).
For a Dp = 10.9 nm and for a Dp = 494 nm—which correspond to the ELPI+ midpoint diameter of the
lowest stage and the 8th stage, respectively—the penetration η was 60.2% and 77%, respectively.

3.2. Aerosol Losses for the Heated Sampling Line

In the case of the HSL, worst-case calculations were made to estimate the influence of
thermophoresis, sedimentation, and Brownian diffusion [27]. Calculations were all with a flow
rate of 10 L/min.

3.2.1. Thermophoretic Losses for the HSL

Losses due to thermophoresis in volatilization tubes have remained largely unaddressed in the
literature. For an accurate calculation, a three-dimensional temperature profile must be considered [40].
A worst-case estimate was considered for thermophoretic phenomena; this kind of aerosol particle
loss was triggered by a temperature gradient that caused suspended particles to move from higher
temperature towards lower temperature. During this migration, if one particle hit a wall, it was
considered stuck and lost. Thermophoresis is not strongly dependent on particle size; it becomes
independent of diameter and particle composition for particles smaller than the mean free path, and this
is the case we consider below. For larger particles, thermophoresis is less pronounced and becomes
material-dependent—we decided to neglect this latter case. The drift velocity vT in one dimension is
given by Hinds [38]:

vT = −2.8× 10−4 cm · s−1

K · cm−1
dT
dx

. (3)

Because the HSL consisted of a 200 ◦C heated section, and the entering aerosol was at a lower
temperature then the heated line, we assumed that the wall was hotter than the tube centre. Thus,
the particles would eventually drift towards the centre itself, and no losses would occur. Thermophoresis
was important in the transition zone from the HSL to the cascade impactor operating at high temperature,
where we assumed there was a wall temperature of 180 ◦C as selected in the HT ELPI+ settings.
Furthermore, we considered that the HT ELPI+ began 7 cm after the end of the HSL; this meant that
the main decrease in temperature occurred within 7 cm of the end of the HSL (200–180 ◦C). A flow rate
of 10 L/min led to a residence time of t = 0.026 s in this zone. Assuming an average temperature of
190 ◦C (corresponding to a temperature difference of about 170 ◦C over 0.445 cm, which is the tube
radius connecting the HSL to the HT ELPI+), the drift distance sT can be estimated as:

sT = vTt = 0.028 mm. (4)

This meant that particles entering the tube within <0.028 mm of the tube wall would, therefore,
reach the wall and precipitate corresponding to losses of 1.26%. This calculation assumed that the wall
temperature was 20 ◦C. As the wall was warmer in the transition zone from the HSL to the HT ELPI+,
losses were even smaller.
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3.2.2. Sedimentation Losses for the HSL

Sedimentation affected larger particles. An aerodynamic diameter of dA = 1 µm led to a settling
velocity of 3.48 × 10−3 cm s−1. Since our HSL had a diameter of 1.78 cm and a length of 150 cm,
it resulted in a residence time of 5.6 s, and this corresponded to a settling distance of 0.019 mm.
We assumed that all particles in the lower 0.019 mm layer of the tube were settled and so lost, and this
meant a loss of 0.5%. Losses were smaller for finer particles. Conversely, the same calculation for 10 µm
aerodynamic diameter particles resulted in a loss of 31% with a settling velocity of 3.06 × 10−1 cm s−1

and a settling distance of 1.71 mm.

3.2.3. Diffusive Losses for the HSL

Unlike gas molecules, aerosol particles adhere when they collide with a surface. This meant that
the aerosol concentration at the surface was equal to zero, and that a gradient was established in the
region near the surface that triggered a continuous diffusion of aerosol particles to the surface, which
in turn led to a gradual decay in the aerosol concentration. Diffusive losses inversely depended on
particle size. Considering a mobility diameter d = 10 nm, a diffusion constant D = 5.3 × 10−4 cm2 s−1

resulted at ambient temperature. The deposition parameter can be calculated as [38]:

µ =
DL
Q

= 4.77× 10−4, (5)

where L is the length of the heated sampling line, and Q is the air flow rate passing through the
HSL. Consequently, according to [38], this value of µ caused losses of 3.2% at ambient temperature.
For d = 20 nm and 100 nm, these losses were approximately 1.4% and 0.2%, respectively. Losses also
depended on the temperature, and in this case the following equation was applied:

D = kT
CC

3πηd
, (6)

where k is the Boltzmann constant, T the absolute temperature, CC is the Stokes–Cunningham correction
factor, and η is the viscosity. Furthermore, the CC was calculated using following equation:

CC = 1 + 2.52
λ
d

, (7)

where λ is the mean free path of gas molecules. Considering now that λ was proportional to the
temperature, and η was proportional to the square root of the temperature, an increase in D by a factor
of 2.1 was obtained for T = 200 ◦C. The flow rate also increased linearly with absolute temperature,
which led to a decrease in D by a factor of 1.6 and a final µ = 6.06 × 10−4. This deposition parameter
was used to calculate that losses increased by 0.5% for particles with d = 10 nm and insignificantly for
d = 100 nm.

4. Emission Factors

The particle number emission factor (EFPN)—expressed in terms of particle numbers emitted for
each stop from a single front disc brake—can be determined by dividing the total number of particles
measured during the entire test by the number of stops conducted during the test, calculated as:

EFPN =
1
N

∫ t2

t1

cQdt, (8)

in which c is the measured particle concentration, Q is the air flow rate, and t1 and t2 are the start time
and end time for the test. Note that in this work, the flow and sampling rates were constant, and the
total number of airborne particles for a specific block Nblock could also be determined as:
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Nblock = Q∆t
∑t2b

i=t1b
ci, (9)

in which t1b and t2b are the start time and end time for the considered block.
The geometric mean diameter of the particles was calculated as described in [41] using the equation:

log(dg) =

∑14
i=1 ni log(di)∑14

i=1 ni
, (10)

where ni is the particle count for stage i, as measured from the ELPI+ during the entire test, and di is
the midpoint of the given size range. di can be calculated as:

di =
di + di+1

2
, (11)

where di is the 50% diameter cut-point for the filter i as determined by instrument specifications.

5. Results

Figure 2 presents the results in terms of total concentration versus aerodynamic diameter,
as measured from the used cascade impactors and corrected for the calculated losses, with both
Equations (1) and (2) for the TD and with Equations (3)–(7), and the arguments of the dedicated section,
for the HSL. Results showed that with a sampling line heated to 200 ◦C together with heated collection
plates (HT ELPI+), the particle number in the size fraction below 200 nm could be reduced on the order
of several decades. In general, the size distribution chart in Figure 2 could be divided into a non-volatile
part above 200 nm and a semi-volatile part below 200 nm. During the test, temperatures at 171 ◦C and
124 ◦C at the inlet and at the outlet of the impactor of ELPI+ HT, respectively, were measured.
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Furthermore, when a thermodenuder set at 300 ◦C was used, the particle number in the size
fraction below 30 nm was further reduced.

Figure 3 shows the total number of particle emissions subdivided per block as summed from
measured data of the cascade impactors according to Equation (9). The initial and maximum disc
braking temperatures for each block are also included in Figure 3. Figure 3 also clearly documents
that the Country road block #1 emitted the vast majority of particles as well as initial and maximum
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disc braking temperatures of 200 ◦C and 251 ◦C, respectively, which were the highest temperatures
between all blocks.Atmosphere 2019, 10, 263 8 of 14 
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Figure 3. Total emission values subdivided per block and for the whole cycle.

As an example, Figure 4 illustrates the instant values of the total concentration calculated for
standard cascade impactor of ELPI+, and the one operating at high temperature in the case of HT
ELPI+, measured for Town block #1. Note that the first two peaks were ascribed to preheating stops
that were executed to heat the brake disc, while the 20 following stops were numbered in Figure 4.
It was evident from Figure 4 that over time, the concentration became comparable for both detection
setups (ELPI+ and HT ELPI+).
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Figure 4. Total concentration over time during the execution of Town block #1 for the standard cascade
impactor (std. ELPI+) and the one operating at high temperature (HT ELPI+).

Figure 5 depicts the ratio—in terms of bubble diameter—of the total particle emission amount per
block as measured for the standard cascade impactor and the one operating at high temperature. This
ratio was plotted in a graph with the braking starting temperature as the x-axis versus the braking
starting velocity as the y-axis. The labels associated to each block represented (i) the value of the ratio
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for that certain block, (ii) the braking starting temperature, (iii) the braking starting velocity, and (iv)
the name of the block, while arrows between the bubbles indicated the timeline of the test cycle, also
represented in Table 3. The largest ratio was ascribable to Country road block #1 (in Figure 5 assigned
as Country #1).
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Figure 5. Total particle emission amount ratio of the standard cascade impactor and the one operating
at high temperature for each block.

The emission factor numbers per braking stop EFPN were calculated according to Equation (8),
The values calculated for each sampling/measuring setup are listed in Table 4. The number of emission
factors excluding a count of particles smaller than 200 nm were also reported in Table 4. With regard to
the number of emission factors, it was possible to observe one order of magnitude of difference between
the standard cascade impactor (std. ELPI+) test and the heated sampling line used in connection with
the cascade impactor operating at high temperature (HT ELPI+). Further, a 2.5-fold decrease in EFPN

was observed between the test with HT ELPI+ and the test with the ELPI+ in connection with the
thermodenuder. In contrast with these results, when the number of emission factors were calculated
considering only particles that were larger than 200 nm, differences were less pronounced and stayed
on the same order of magnitude (see Table 4).

Additionally, the geometric mean diameter calculated according to Equation (10) is also presented
in Table 4.

Table 4. Particle number emission factors and geometric mean diameters.

Standard Cascade
Impactor

Cascade Impactor
Operating at High
Temperature with

Heated Sampling Line

Standard Cascade
Impactor with

Thermodenuder

EFPN (N × 109 per stop per brake)
as from Equation (8)

90.7 3.27 1.3

EFPN [N × 107 per stopper brake]
for particle count ≥ 200 nm

7.59 5.2 4.8

Geometric mean diameter [nm] as
from Equation (10) 13.49 12.28 16.07



Atmosphere 2019, 10, 263 10 of 14

6. Discussion

Special attention is given to the volatile fraction of disc brake aerosols in this study. The results
presented here demonstrate a significant reduction in particle numbers in the size range below 200 nm
when a higher sampling temperature was used and further reduction when the thermodenuder was
used. These results indicated that volatile fractions contributed to the generated aerosols from standard
car disc braking systems for size distributions below 200 nm, and size distributions above 200 nm were
not affected by volatiles, as indicated in Figure 2. These volatiles significantly contributed to these
small-sized aerosols, as observed with tail pipe aerosols [16,17], whereas the semi-volatile part of tail
pipe aerosols was below 80 nm in these studies.

The three tests carried out in the present study showed good agreement with regard to particle
number distribution of the particles with size range between 200 nm and 10 µm, as illustrated in
Figure 2, as well as documented with calculated values of EFPN for the same particle size range, as
shown in Table 4. This means that the test setup, the cycle selected, and the instruments used for
the measurement of particle numbers are robust enough to give rather similar information regarding
particle concentration versus the particle aerodynamic diameter in the range above 200 nm (see Figure 2).
Below 200 nm particle size diameters, the three curve layouts obtained for three different measuring
strategies started to have different patterns, and the particle number emission factors were subjected to
major differences. More specifically:

1. When comparing the two tests executed at the same time in this work using the standard cascade
impactor (std. ELPI+) and the one operating at high temperature (HT ELPI+), a 28-fold higher
EFPN can be detected for the standard cascade impactor, as reported in Table 4. This difference is
due mainly to the count of particles smaller than 200 nm in the case of std. ELPI+, as can be seen
in Figure 2. This means that 200 ◦C heating of the incoming air sample results in a decrease in
particle count below 200 nm because organics and other easily volatilized compounds are lost.
For example, an initial decrease in particle number may result from a loss of moisture in the
chamber with the clean air blowing in, as also reported in [23] for natural aerosols. On the other
hand, there may be a competitive phenomenon for which some larger particles can release smaller
coagulated particles on their surface and so increase the total number of particles. Plachà et al. [19]
reported that more than 150 different organic compounds were found in an unused milled brake
pad, whereas only 49 confirmed compounds were found in actual-wear debris. This means that
several organic compounds are released during the friction process, and as a result we can expect
significant amounts of volatile organic compounds (VOCs) and semi-volatile organic compounds
(SVOCs) to be released into the atmosphere as real VOCs or be absorbed in airborne particulate
matter during braking. Note that in the heated sampling line (HT ELPI+) experiment, mass
should be conserved because no device was used to absorb the volatilized fraction. For this
reason, the volatile fraction should remain in the air flow but with different sizes; this could not
be seen in Figure 2, where it seemed that a net loss of particles smaller than 200 nm occurred.
The reason for this discrepancy could be that the particles were disaggregated in particles smaller
than 6 nm (the lowest instrument detection limit), or heating changed some electrostatic, density,
or shape properties of the particle as measured from the instrument. Further research is necessary
to better address this. From Figure 4 it is possible to observe that in the first 13 stops out the
20 that make up Town block #1, the presence of volatile emissions that decrease stop-by-stop
until becoming negligible in the last seven stops is clear. This means that volatile emissions are a
transient phenomenon once disc braking parameters are kept constant. From Figure 5 it becomes
clear that total particle emissions depend on experimental conditions such as the starting braking
velocity, temperature, and the existence of some run-in effects as also described in [42]. In fact,
considering the emission ratio we can observe that:

(i) In the Burnish block, where initial stopping velocity and temperature are 50 km/h and
100 ◦C, respectively, the emission ratio is 0.5. This means that the HT ELPI+ measures
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more particles than the standard cascade impactor, and this can be ascribed to some poorly
understood artefacts. Regarding the braking conditions, we can surely conclude that there
are no volatiles.

(ii) Increasing only the initial stopping temperature to 150 ◦C in Town block #1 leads to a ratio
equal to 3.5. In this case, the standard ELPI+ measured 3.5 times more particles compared
to the HT ELPI+, as is also qualitatively visible stop-by-stop from Figure 4.

(iii) Increasing both the braking starting velocity and temperature to 80 km/h and 200 ◦C,
respectively, as in Country road block #1, results in clearly visible volatile emissions,
and the HT ELPI+ measures almost 50 times less particles than the standard one.

(iv) Passing to Country road block #2, and so increasing the braking starting velocity to
125 km/h while at the same time decreasing the disc stopping starting temperature to
100 ◦C, does not trigger pronounced release of volatiles, and the ratio of emissions
measured by the two cascade impactors equals 1: it is possible to believe that previous
blocks have provoked the running in of the braking system.

(v) The repetition of Town block #1, and namely carrying out Town block #2, showed that
braking conditions in “soft” blocks did not cause release of volatile emissions.

(vi) Repeating the conditions of Country road block #2 with the last Country road block #3
confirms again that the system is already run-in because no volatile emissions are observed.

2. When comparing the two tests that focused on heat conditioning of the sampled aerosol (one with
the heated sampling line used in connection with the HT ELPI+ and one with the thermodenuder
and the standard cascade impactor), a 2.5-fold higher EFPN was calculated for the HT ELPI+
setup, as reported in Table 4. This was due mainly to the number of particles smaller than around
20 nm, as shown in Figure 2. This indicates that the thermodenuder operating at 300 ◦C is more
effective in removing the smallest particle fraction. This hypothesis is also supported by the fact
that this experiment provided the particles with the biggest geometric mean diameter (see Table 4).
One possible explanation for this phenomenon is that the compounds that volatilize at 300 ◦C are
prevented from re-entering the aerosol stream thanks to the active charcoal that absorbs them
when using the thermodenuder. If, however, VOCs are still in the aerosol stream after the aerosol
has heated, as is the case in the heated sampling line, they can act as nucleation sites, or they can
coagulate to form larger particles that can be detected in the cascade impactor of ELPI+. This is
confirmed by the fact that the configuration with the heated sampling line is the one showing the
smallest particle geometric mean diameter, as reported in Table 4, even though the related EFPN

is much lower than the ones measured using the standard cascade impactor.

As highlighted in the Introduction, several authors [7–13] identified a critical temperature when
brake friction materials were tested. In both pin-on-disc and dynamometric test setups, the critical
temperature inducing a shift towards the emission of ultrafine particulate fraction is between 165 ◦C
and 400 ◦C depending on the test conditions and tested materials. Considering the previous facts, if we
look at Figure 3 we can see that the main contributor to the total amount of particles released during the
whole cycle is the Country road block #1, especially for the standard cascade impactor test. The total
particle sum obtained for the Whole cycle will not be affected if all the blocks are not considered, with
the exception of Country road block #1, which is also in agreement with Perricone et al. [33]. So, one
can suppose that in Country road block #1, the critical temperature triggering a sudden ultrafine
particle emission is reached, and this fraction is mainly composed of volatiles. This indicates that
severity of test conditions has a major influence on the generation of the volatile part and presents
an interesting direction for further research on how to test friction pairs in disc brake systems in a
way that can be representative, or not, of real-world conditions. Discussion about real-world driving
conditions that generate ultrafine particles is out of scope of this paper, but it is worth to be noted that in
newly developed braking cycles dedicated to the studies of brake wear particles [11,43], the maximum
temperatures measured in the braking disc vehicle only reaches 129 ◦C in Mathissen et al. [11] and
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194 ◦C in Perricone et al. [43], whereas a maximum temperature of 251◦C in Country road block #1
is achieved in our experiments. From this perspective, it seems clear that abrupt ultrafine particle
generation caused by a transition temperature should be representative of “extreme” driving conditions
only. Note that according to Mathissen et al. [11], neither the initial rotor brake temperatures nor
the initial speeds should be considered representative of real-world conditions, at least regarding
the maximum disc temperature reached. From this point of view only the Burnish block included in
our testing procedure would be considered as a set of brake stops matching temperatures typical for
real-world braking conditions. It is evident that more detailed investigations on how parameters that
are representative of real-world conditions (mainly velocity and temperature), as well as run-in effects,
influence volatile emissions in brake dynamometer tests are needed in future work.

Considering that in this study we started each test with a new pair of brake pads and new cast
iron discs, and that Town block #1 and Town block #2 are twin blocks, we can conclude that the friction
pair can be considered well run-in after Country road block #1. During ranking of the different friction
materials, as already published in our previous paper [33], usage of already run-in friction pairs may
be crucial. Depending on when a friction material gets stabilized, and depending on the amount of
VOCs released during the first blocks of the cycle, the ranking itself can be changed. Alternatively, it is
necessary to use a test setup that handles the volatile fraction.

7. Conclusions

The experimental results presented here show a decrease by several magnitudes in the
concentration of disc brake aerosols (size range below 200 nm) using a cascade impactor operating
at 180 ◦C with the sampling line heated to 200 ◦C. A further decrease in this size range was noted
using a standard cascade impactor with a thermodenuder heated to 300 ◦C. Furthermore, it has been
demonstrated that the volatile part was mainly generated during the most severe part of the used test
cycle (Country road block #1).
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