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ARTICLE INFO ABSTRACT
Keywords: Up to 50 % of total PMjy 5 emissions are due to particles derived from the automotive sector, and
Particulate matter both exhaust and non-exhaust emissions contribute to the pollution of urban areas. Fuel

Ultrafine particles (UFPs)

Brake pad emission

Polycyclic aromatic hydrocarbons (PAH)
Non-exhaust emissions

Nanoparticles

incomplete combustion, or lubricant degradation due to high temperatures during the combus-
tion process, are responsible for exhaust emissions. The non-exhaust ones concern brakes, tires
and road surface-wear emissions and road resuspension contribution. The present study aims to
provide a methodological approach for a detailed chemical characterization of wear friction
products by means of a large array of techniques including spectroscopic tools, thermogravimetric
analysis (TGA), chromatography, morphological and elemental analysis. The dust sample derived
from the wear of a brake pad material was collected after a Noise & Vibration Harshness (NVH)
test under loads similar to a Worldwide Light vehicle Test Procedure (WLTP) braking cycle. The
TGA shows that only a small fraction is burned during the test in an oxidizing environment,
testifying that the sample consists mostly of metals (more than 90 %). Fe exhibits the highest
concentrations (50-80 %, even in the form of oxides). Also other kinds of metals, such as Zn, Al,
Mg, Si, S, Sn, Mn, occur in small quantities (about 1-2% each). This finding is confirmed by X-ray
diffraction (XRD) analysis. The organic fraction of the debris, investigated by means of Raman
spectroscopy, has an evident aromatic character, probably due to oxidative phenomena occurring
during the braking cycle test. Noteworthy, the extraction of the dust sample with organic solvents,
revealed for the first time the presence of ultrafine particles (UFPs), even in the range of few
nanometers (nanoparticles), and polycyclic aromatic hydrocarbons (PAHs), recognized as highly
toxic compounds. The simultaneous presence of toxic organic carbon and metals makes of
concern the non-exhaust emissions and mandatory a deep insight on their structure and detailed
composition.

1. Introduction

Traffic-derived air pollution includes both exhaust emissions (a mixture of gaseous pollutants and particulate matter (PM) from fuel
combustion and lubricant volatilization/degradation from tailpipe), and non-exhaust emissions, which comprise particles from me-
chanical abrasion of brakes and tires, erosion of road surfaces and resuspension of a mixture of dust that accumulates on road surfaces,
and volatile organic compounds from evaporative loss of fuels and release of solvents [1-3].
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As regulations undertaken by the government bodies have become increasingly stringent for emissions from engines tailpipe
exhaust and technologies have had to adapt, making them increasingly lower, non-exhaust emissions are not regulated yet. Many
researchers have found that nowadays both exhaust and non-exhaust emissions contribute almost equally to the increment in airborne
PM [4-6]. Moreover, brake-wear emissions were found to be one of the major sources of metal-rich airborne particulate pollution in
roadside environments [7].

While much experimental research has been done on the chemical-physical characterization and, consequently, the toxicological
and epidemiological impact of exhaust emissions, little is known about non-exhaust emissions. To this regard, of particular concern is
the case of brake emissions, due to the heterogeneity of the materials that make up the brakes. It is well known that brakes use friction
between a brake pad and a rotating disc to slow or stop a vehicle, by converting kinetic energy into frictional heat. The rotating
counterpart has a simpler composition in comparison to brake pads: grey cast iron is the material commonly used.

There are numerous components that made up the brake pad material, and each of them must follow certain parameters that vary
according to the conditions of use. Generally, it is required that the coefficient of friction remains constant throughout several
operating conditions (varying speed, temperature, and pressure [8]), the rate of wear should be the lowest possible and, finally, the
least amount of vibration and noise during braking should be ensured.

Depending on the type and amount of constituents, brake pads can belong to three categories: NAO (Non-Asbestos Organic, 50 %
metallic content, phenolic resin, graphite), Low Metallic (Fe 10-50 %, steel and copper), and Semimetallic (more than 50 % Fe and
steel fibers) [9].

The constituents of brake pads can be classed as binders, fibers, fillers, and friction modifiers. The binders keep all the materials
together and constitute the 20-40 % of the total mass. One of the most widely adopted materials are phenolic resins [10]. Unfortu-
nately, these are not very stable at high temperature, since at 350-400 °C the glass transition occurs and at 450 °C degradation takes
place, reducing pad structural integrity [11]. Fibers represent the 5-25 % of the friction constituents [12]. Fibers ensure the structural
and thermal stability as well as the wear resistance of the pad. They are usually a mixture of metals (steel or copper), organic materials
(Kevlar) or inorganic one (glass, carbon fiber, wollastonite). Fillers can be called functional if they induce thermal and structural
stability, and inert if their function is mainly to reduce voids. Finally, abrasives (up to 10 %) [13] increase the friction coefficient and
enhance wear resistance (quartz, alumina, zirconia, silicon carbide), while lubricants (5-29 %) [13] reduce the friction coefficient by
forming a thin coating, which can also exert a protective function of the pad surface at high temperature (tin sulphide, graphite,
molybdenum disulphide, petroleum coke) [14].

During braking, friction between rotating disc and pads always leads to the release of the debris. The wear debris adhere to the pad
surface forming an uneven friction layer, mainly constituted by oxidized metals (iron oxides are the major components), fragments of
carbonaceous matter and degradation products of phenolic resins [15]. Mechanical wear usually leads to the release of large particles
with sharp edges, belonging mainly to PM;o (PM < 10 pm) or PMys (PM < 2.5 pm) categories. Oxidative wear generates
submicron-sized particles, even in the nanometric range (ultrafine particles (UFPs) less than 30 nm [16], organized in clusters of
spherical particles, by degradation of organic binder with subsequent condensation and agglomeration of these finest fractions. The
latter are mainly made up by amorphous carbon, graphitic particles, and various metal-based components. The finest particles were
observed to be attached to the surface of larger particles [17].

These airborne particles released into the air can easily be inhaled, and the high metal content results toxic for human health.
Moreover, Gasser et al. [18] evaluated the toxicological effects of brake wear particles on human epithelial cells and found that
particles damage the cells increasing oxidative stress and causing a pro-inflammatory cell response after 24 h exposure.

In this framework, in the present work it is reported a methodological approach for a detailed chemical and morphological
characterization of wear particles released from brake pad systems collected at the end of the NVH (Noise & Vibration Harshness)
braking test (with conditions similar to a WLTP, Worldwide Light vehicle Test Procedure braking cycle) by using an array of analytical
techniques. In particular, morphological and compositional information was given by FESEM (Field emission scanning electron mi-
croscopy) analysis and thermogravimetry. Raman spectroscopy and XRD (X-ray diffraction) were used to characterize the carbona-
ceous solid part, whereas size exclusion chromatography, UV-Visible and Fluorescence spectroscopy were performed to get insights on
the size distribution of UFPs and on the composition of the soluble organic fraction (SOF). Only one exemplary sample was analyzed
and it was not collected in the aerosol but directly on the pad using a brush to gently clean all pad surfaces and to remove only the
friction layer, which is representative of the particulate emitted in the environment from the pad. In this way, it is possible to collect
enough material to set-up the analytical approach, which can then be applied on the analogous particulate emitted from the pad and
collected in air on filters. This approach will be useful in a next work for a rapid screening of the particulate composition as a function
of the composition of the pad. It is reasonable to assume that the particulate on the friction layer presents a very similar size distri-
bution with respect to the debris in air just near the brake.

The coexistence of metals and highly toxic organic compounds found in debris in the present work raises questions about non-
exhaust emissions and necessitates a thorough understanding of their detailed structure. In particular, it is of concern that, as
found here for the first time, metals and organic fraction are linked together in the particulate, and the organics are mainly constituted
by dangerous aromatic species. Moreover, organic particulate is present also in nanometric and, therefore, much more toxic particles.

2. Experimental setup
2.1. Samples

The wear particles under investigation were collected using a brush to gently clean all pad surfaces and to remove only the friction
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layer (pad: RCM625B4A; disc: GJL150, cast iron alloy). The collected powder was divided in 3 samples, in order to repeat all the
measurements 3 times for verifying the homogeneity and reproducibility of the sample. Reproducibility was found to be around 10%.

Each debris sample was characterized by FESEM images with EDS, thermogravimetry and Raman spectroscopy. A small amount of
debris was washed with dichloromethane (DCM) for separating the organic compounds, soluble in DCM, from the insoluble solid
fraction present in the dust. The SOF was then subjected to spectroscopic (UV-Visible absorption and fluorescence) and SEC analysis.

2.2. Analytical techniques

2.2.1. Thermogravimetry
TGA experiments were carried out on a Perkin—-Elmer Pyris1 Thermogravimetric Analyzer. About 3 mg of sample were heated from
50 to 900 °C at a rate of 10 °C min ™! in oxidative environment (air, 30 mL min™').

2.2.2. FESEM images EDS analysis

A Field Emission Scanning Electron Microscope Tescan S9000G, (FESEM), Schottky emitter, equipped with Secondary and Electron
Backscatter Diffraction Detector (SE and EBSD) and microprobe for elemental analysis, was used. The instrument has a resolution of
0.7 nm (at 15 keV with In-beam SE detector).

2.2.3. XRD

XRD spectra were acquired on a Bruker D2 IT with Cu Catode (Kol 1.54 A, 30 kV voltage and 10 W power; 0.1° slit divergence e 1.5°
Soller slit). A Ni filter was employed for removing KB (. = 1.392 A) X-ray spectral lines of copper. Instrument resolution: 0.05° 2q. The
holder is a "Zero background holder " in silicon crystal.

2.2.4. Raman spectroscopy

Raman spectra were measured using a Horiba Xplora Raman microscope system (Horiba Jobin Yvon, Japan) with an excitation
wavelength of A = 532 nm (frequency doubled Nd: YAG-solid state laser, 25 mW). The microscope was focused onto the sample surface
using the objective with 100X magnification. Raman spectra were recorded in the range of 500-3500 cm ™! (Raman shift). Acquisition
time was set at 30 s. Raman spectra have been acquired in six different measuring points and an average spectrum was calculated to
account for sample heterogeneity.

2.2.5. UV-visible and fluorescence spectroscopy

UV-Visible absorption and fluorescence emission spectra of the SOF were acquired on DCM solutions using a 1-cm path-length
quartz cuvette. A Fluoromax spectrofluorometer (Horiba Scientific) and a V-770 UV-Visible/NIR spectrophotometer were used to
measure the steady state fluorescence and the absorption spectra, respectively.

2.2.6. Size exclusion chromatography

Size exclusion chromatography (SEC) of the SOF was also performed on a highly cross-linked "individual-pore" column (Polymer
Laboratories, Ltd., U.K.; particle size of 5 m diameter and a pore dimension of 50 nm). The injection volume was 100 pl, and the
analyses were carried out at a flow rate of 0.5 ml/min at a temperature of 70 °C. The chromatogram was obtained by fixing the
absorption wavelength at 370 nm of an HP1050 UV-Vis diode array detector, measuring the absorption spectra in the 250-600 nm
wavelength range. The molecular weight (MW) calibration of the column was obtained by measuring the elution time of polystyrene
and polycyclic aromatic hydrocarbons (PAH) standard species of known MW [19,20].
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Fig. 1. Thermogravimetric analysis (TGA) (in black) and differential thermogravimetric curves (DTG) (in red) profiles of debris sample.
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3. Results and discussion

The data obtained from TGA in oxidative environment are shown in Fig. 1. The trend of the oxidation curve is constant up to 350 °C,
when the organic constituents begin to burn. The TGA profile and its derivative (differential thermogravimetric curves, DTG) indicate
that the only mass loss recorded was due to the oxidation of the organic fraction present in the debris, which amounts to about 8 %.
Therefore it is hypothizable that the matrix of this sample is mainly metallic and thus it remains as residue at the end of the oxidation
run.

Fig. 2 represents characteristic FESEM images of the frictional dust. According to Kukutschova’s findings [17], the smallest par-
ticles are “attached” on the largest particles surfaces, increasing the danger of these airborne particles. In fact, the larger fraction can
access the human body through respiration or ingestion, taking with it the smaller fraction, which can be released, reaching also other
organs and damaging the organism [21,22]. The elemental composition of the sample was evaluated by Energy Dispersive Spec-
troscopy (EDS) analysis and the results are summarized in Table 1. The acquisitions were made in six different locations of the sample
to account for the sample heterogeneity. Two peculiar areas that differ from each other by the amount of Fe detected were identified. A
zone with a poorer content of Fe (50-55 wt%), probably in the form of iron oxides [17], based on the presence of O amounts to 20-30
wt%, with a higher concentrations of C (10-15 wt%), was observed. To the remaining percentage other metals participate as Zn, Al,
Mg, Si, Sn and S with a value around 1-2% for each. The EDS analysis also detects other areas with higher amounts of Fe (80-85 wt%),
with a smaller component of O (5 wt%) and C (5 % wt%). The other metals participate, however, with a value still around 1-2 wt%.
Table 1 reports the average values between these areas for the most frequently detected elements.

An example of the distribution of elements in a representative area of the specimen is shown in the rigth part of Fig. 2. The dominant
presence of oxygen and iron is evident, interspersed with micrometer-sized sheets of carbon. The extensive presence of Fe and O
precludes the observation of metals present in significantly smaller amounts, except for zinc, whose presence is detected. The Fe/O
ratio is consistent with the massive presence of iron oxide, that can arise from steel oxidation as a consequence of braking [23].

The results obtained from the thermogravimetric analysis are confirmed by the EDS: the organic fraction (both volatile organics and
graphitic-like particles) represents less that the 10 wt% of the sample (total percentage of carbon). All the remaining material is
composed of metals and metal oxides, constituting the residue of the thermogravimetric test.

In Fig. 3 the XRD spectrum of the sample is reported. All the peaks are sharp and can be attributable to metallic oxides, for
comparison with the library. The metallic oxides peaks are also superimposed and partially cover the carbon matrix peaks, typically
located at 26-27° and 42-44° [24,25].

The Raman spectrum, reported in Fig. 4, was acquired in the first order range, 900-1900 cm~! and deconvolved using a five-bands
procedure that have been optimized for soot samples [26]. It allows to draw out the contribution of peaks at around 1600 (G-band),
1500 (D3-band), 1270 (D4-band) and 1325 cm~! (D-band). The intensity of D-peak is related to the breathing mode of aromatic rings
in disordered structures, while the intensity of G-peak is related to the streching of sp? carbon bond [27].

The ratio betwenn the D and G peak intensity, I(D)/I(G), is the main parameter used to quantify order and disorder in the carbon
materials analysis [27]. This ratio was calculated as 1.2, value that corresponds to a good level of nanostructural order and to a

graphitic-like structure [26]. Through the well-known Equation: % = C(A) * L,? [27] it has been possible to estimate an aromatic layer

size, La, of 1.36 nm. The used equation is valid for disordered materials as soot, constitued by aromatic clusters of few nanometers [27].

The presence of these carbonaceous particles could be due to the oxidative wear of the organic compounds belonging to the binder
of the original brake pad. These particles, coming from the degradation of the organic binder, undergoes oxidation due to high
temperature reached during the braking test.

The oxidative nature of the friction processes during braking was previously proven by contrasting the initial friction composite
with its non-airborne wear particles recovered during brake dynamometer experiments [28].

Raman spectroscopy gives information only on the solid carbonaceous particles, then an extraction procedure with DCM was

Fig. 2. Field emission scanning electron microscopy (FESEM) images of debris surface without (left) and with element distribution (right).
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Table 1
Weight and atomic percentages of elements detected by Energy
Dispersive Spectroscopy (EDS) analysis of debris sample.

wt% at%
Fe 62 327
o 20 36.9
c 10 24.6
Zn 2 0.9
Al 1 1.1
Mg 1 1.2
si 1 1.1
Sn 2 0.5
s 1 0.9
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Fig. 3. X-ray diffraction (XRD) spectrum of debris sample (in red, as aquired; in black after fluorescence subtraction).
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Fig. 4. Raman spectrum of the debris sample along with the deconvoluted peaks.

performed to analyse in details also the SOF. The optical properties of the SOF derived from debris are summarized in Fig. 5: the
UV-Visible absorption spectrum (left panel), the steady-state fluorescence spectrum excited at 350 nm (central panel) and the contour
map of the 3D fluorescence spectra (right part). The emission and absorption spectra exhibit some fine structure suggesting the
presence of PAH. Even if the concentration of these species is low (order of pg/L), as demostrated by the fact that they are detectable
only by spectroscopic techniques but not by GC-MS of DCM extract (not reported here for sake of brevity), their presence is of concern
as PAH are known to be mutagen and carcinogen [29] also at so low concentrations.

Moreover, the absorption tail in the visibile [30] and an emission peaked at relatively high wavelengths (around 480 nm) also
indicate the presence of higher MW aromatic species in the solution [31], which can be even more toxic than PAH. The region of
fluorescence emission maximum is localized beetween 450 and 500 nm (red region in the contour map), a typical range of fluorescence
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Fig. 5. Steady-state fluorescence spectra (central part), the contour maps of the 3D fluorescence spectra (right part), and through UV-Visible
absorption (left part) of the soluble organic fraction (SOF) derived from dichloromethane (DCM) washing of the debris sample.

of organic carbon from high temperature processes of carbon precursors [32].

The synchronous fluorescence spectrum of the SOF shown in Fig. 6 makes this finding even clearer. Indeed, it is possible to
distinguish between different classes of different-sized polycyclic aromatic hydrocarbons (PAHs) using the synchronous fluorescence
technique, which involves simultaneously scanning the excitation and emission wavelengths using a AL = 10 nm [33]. The syn-
chronous fluorescence of the SOF confirms the presence of PAH from 3 to 7 rings, as well as of bigger PAH not detectable by GC-MS, in
accordance with the absorption and emission features (Fig. 5).

The MW distribution of the SOF was evaluated, drying the samples in DCM and dissolving them in NMP for SEC analysis and
reported in Fig. 7. It is observable that more than the molecular species (with very low signal), particles of nanometric dimensions
(assuming density of 1.2 g/cm®) are present. The reliability of SEC technique for the detection of nanoparticles have been assessed in
our previous works [19,34,35].

The possibility of particle fragmentation for the formation of nanoparticles has been ruled out because the only pre-treatment made
on the particulate was the solvent extraction.

The presence of UFPs smaller that 30 nm in brake pad particulate was recentely demonstrated [16] and this is particularly
important for their neurotoxic potential.

The results of the present paper, which show the presence in the debris of high MW aromatic structures, nanoparticles and
graphitic-like carbon particles, typically formed in oxidation/pyrolisys process from light organic compounds, suggest that these
species can be formed via evaporation and condensation wear mechanisms of carbonaceous components of a friction composite.

The simultaneous presence of organic compounds identified as highly toxic [29,36], UFPs and metals demonstrated by the present
paper makes of concern the non-exhaust emissions and mandatory a deep insight on their structure and detailed composition.

4. Conclusions

A NVH braking test, with loads similar to a WLTP braking cycle, was made on a RCM625B4A pad with a cast iron alloy disc to
collect wear particles released from brake pad systems using a brush to gently clean all pad surfaces and to remove only the friction
layer. A thermogravimetric test in air environment and an EDS analysis of the collected powder have allowed quantifying the metals
and organic components present in the sample. An average percentage less than 10 % was estimated to account for the organic fraction
present in the sample, whereas the rest is mainly constituted of iron and iron oxides and, in a smaller percentage, of other metals
belonging to the inorganic matrix of the pad. XRD confirms the high presence of metals with respect to carbon matrix. In addition,
FESEM images show that smallest particles, probably derived from oxidative wear, are “attached” on the surface of the largest ones.
The breathing of these submicron-sized particles could increase their impact on human health. The graphitic-like characteristic of the
organic particles was demonstrated by the structural parameters derived from the Raman spectroscopy analysis, indicating that this
small fraction comes out from an oxidative process (high temperature during the braking test). The DCM extract of the debris powder,
representing the soluble organic fraction, was analyzed by fluorescence and absorbance spectroscopy and size exclusion chroma-
tography. The results evidenced, for the first time, the presence of PAHs and UFPs in the soluble organic fraction, further increasing the
toxicological effects.

The coexistence of metals and highly toxic organic compounds found in debris in the present work is of concern and raises questions
about non-exhaust emissions and necessitates a thorough understanding of their detailed structure.
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