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ABSTRACT:

Exposure to particulate air pollution has been associated with a variety of respiratory,
cardiovascular and neurological problems, resulting in increased morbidity and mortality worldwide.
Brake-wear emissions are one of the major sources of metal-rich airborne particulate pollution in
roadside environments. Of potentially bioreactive metals, Fe (especially in its ferrous form, Fe?*) might
play a specific role in both neurological and cardiovascular impairments. Here, we collected brake-
wear particulate emissions using a full-scale brake dynamometer, and used a combination of magnetic
measurements and electron microscopy to make quantitative evaluation of the magnetic composition
and particle size of airborne emissions originating from passenger car brake systems. Our results show
that the concentrations of Fe-rich magnetic grains in airborne brake-wear emissions are very high (i.e.,
~100 — 10000 x higher), compared to other types of particulate pollutants produced in most urban
environments. From magnetic component analysis, the average magnetite mass concentration in total
PMo of brake emissions is ~20.2 wt.% and metallic Fe ~1.6 wt.%. Most brake-wear airborne particles
(> 99% of particle number concentration) are smaller than 200 nm. Using low-temperature magnetic
measurements, we observed a strong superparamagnetic signal (indicative of ultrafine magnetic
particles, < ~30 nm) for all of the analysed size fractions of airborne brake-wear particles. Transmission
electron microscopy independently shows that even the larger size fractions of airborne brake-wear
emissions dominantly comprise agglomerates of ultrafine (< 100 nm) particles (UFPs). Such UFPs likely
pose a threat to neuronal and cardiovascular health after inhalation and/or ingestion. The observed
abundance of ultrafine magnetite particles (estimated to constitute ~7.6 wt.% of PMg,) might be
especially hazardous to the brain, contributing both to microglial inflammatory action and excess

generation of reactive oxygen species.

KEYWORDS: air pollution, brake wear, particulate matter, magnetite, neurodegeneration



43  LIST OF ABBREVIATIONS:

ARM - anhysteretic remanent magnetisation

BF — bright field

EDS — energy dispersive X-ray spectrometry

FFT — fast Fourier transform

FORC —first order reversal curve

HAADF — high angle annular dark-field mode of transmission electron microscopy (TEM)
HRTEM — high-resolution transmission electron microscopy (TEM)
IRM —isothermal remanence magnetisation, or magnetic remanence
Kra% - frequency dependence of magnetic susceptibility

MDFigm — median destructive field of IRM

PAHs — polycyclic aromatic hydrocarbons

PM — particulate matter

PM 1o — particulate matter with an aerodynamic diameter < 10 um
PM; s — particulate matter with an aerodynamic diameter < 2.5 um
PMjg, — particulate matter with an aerodynamic diameter < 0.2 um
PNC — particle number concentration

PSD — particle size distribution

ROS — reactive oxygen species

SAED - selected-area electron diffraction

SE — secondary electrons

SEM — scanning electron microscopy

STEM — scanning transmission electron microscopy

SD - single domain

SP — superparamagnetic

Twm — temperature of the Morin transition in haematite

Tv — temperature of the Verwey transition in magnetite

TEM —transmission electron microscopy

UFPs — ultrafine particles

XRD — X-ray diffraction
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Introduction

Exposure to airborne particulate matter (PM) has been associated with both acute and chronic
health problems. Coarse (10 — 2.5 um), fine (2.5 — 0.1 um) and ultrafine (< 0.1 um) particles have been
linked to impairment of pulmonary, cardiovascular and neurological health (Calderén-Garciduefias et
al., 2002; Pope & Dockery, 2006; Hoek et al., 2013; Beelen et al., 2014; Weichenthal et al., 2017; Peters
et al., 2019; Maher et al., 2020, Shi et al., 2020). For example, epidemiological studies have shown a
link between living close to heavy traffic (and consequently, chronic exposure to raised airborne PM
concentrations) with higher incidence of dementia (Jung et al., 2015; Wu et al., 2015; Oudin et al.,
2016; Chen et al., 2017), and cognitive and behavioural deficits (Suglia et al., 2007; Chen & Schwartz,
2009; Sunyer et al., 2015; Zhang et al., 2018; Calderén-Garciduefias et al., 2019a; laccarino et al.,
2020). Exposure to PM is also linked to pre-term birth and low birth weight (e.g. Stieb et al., 2012;
Lamichhane et al., 2015; Li et al., 2017).

Ultrafine particles (UFPs) might be especially hazardous to human health for several reasons. They
(i) are abundant in the urban air (Putaud et al., 2010; Sanderson et al., 2014; Yang et al., 2016); (ii) can
be suspended in the atmosphere for longer and consequently, transported over greater distances,
compared to coarse particles; (iii) are able to penetrate easily into the indoor environment; (iv) have
the ability to reach almost all organs in the human body, including the liver (Oberdorster et al., 2002;
Miller et al., 2017), placenta (Bové et al., 2019; Liu et al., 2021) and amniotic fluid (Barosova et al.,
2015), heart (Calderén-Garciduenias et al., 2019b; Maher et al., 2020), and central nervous system
(Tjalve et al., 1996; Oberdorster et al., 2004; Elder et al., 2006; Geiser & Kreyling et al., 2010; Maher
et al., 2016); (v) have a larger surface area per unit mass, compared to coarse particles; and (vi) can

be highly bioreactive (Donaldson et al., 2001; Nel et al., 2006; Maher et al., 2016).

Exposure to Fe-bearing UFPs might play a specific role in adverse health effects (Maher et al.,
2016, 2020). Labile, bioreactive Fe?* (a specific component within magnetite (Fes04 = FeO-Fe,0s, a
mixed Fe?*/Fe® oxide), for example), can be toxic to living cells; it can catalyse excess production of
reactive oxygen species (ROS) and has been linked with neurodegenerative changes similar to those
occurring in Alzheimer’s disease (Smith et al., 1997; Wu et al., 2013; Coccini et al., 2017; Maher, 2019).
Fe-bearing UFPs may be toxic on their own but also often co-associate with other transition and heavy
metals, including Cr, Cu, Mn, Ni, Pb, Zn (Spassov et al., 2004; Chen et al., 2006; Kim et al., 2007; Maher
et al., 2016; Yang et al., 2016; Hofman et al., 2020) and organic species, including polycyclic aromatic
hydrocarbons (PAHs) (Lehndorff & Schwark, 2004; Halsall et al., 2008).

In the urban environment, a great variety of both vehicular and non-vehicular sources of Fe-

bearing UFPs has been identified, including exhaust emissions, brake wear, tyre wear, resuspension

5
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of roadside dust, underground, rail and tram systems, aircraft and shipping emissions, welding fumes,
waste incineration, biomass burning, construction, demolition, power plants and cigarette smoking
(e.g., Thorpe & Harrison, 2008; Salma et al., 2009; Kumar et al., 2013; Gonet & Maher, 2019). However,
estimation of the contributions made by specific sources to total airborne PM or PNC (particle number
concentration) has proved challenging, and variable between different studies (e.g. Viana et al., 2008;
Bukowiecki et al., 2009a; Harrison et al., 2011, 2012; Lawrence et al., 2013; Beddows et al., 2015;
Crilley et al., 2017; Conte & Contini, 2019). Although the concentrations of gaseous and particulate
engine exhaust emissions have been decreasing notably in the last 20 years, due to increasingly
stringent legislation, non-exhaust emissions are currently unregulated and presently constitute a
similar or even higher proportion of urban PMj, (PM with an aerodynamic diameter < 10 um)
concentrations, compared to exhaust emissions (e.g. Lawrence et al., 2013; Denier van der Gon et al.,

2018; Conte & Contini, 2019).

One of the major sources of airborne, Fe-bearing UFPs in the roadside environment is brake
emissions (Gonet & Maher, 2019). Although source apportionment estimates differ, brake-wear PM
has been reported to contribute more to total PMig mass (~11% - 21%; Bukowiecki et al., 2009a;

Lawrence et al., 2013) than to particle number (~1.7%; Harrison et al., 2011) at the roadside.

The emission of solid (non-volatile) brake-derived components depends on the braking conditions
but in real-world conditions, they usually exceed 75 wt.% of total brake emissions (Sanders et al.,
2002; Roubicek et al., 2008). Fe is frequently the dominant metal in non-volatile brake-wear PM
(arising from conventional low-metallic brake pads and cast iron discs), often constituting ~50% of
the total mass of particles emitted from brake systems (Sanders et al., 2003; Adachi & Tainosho, 2004;
Kukutschova et al., 2011). The number-normalised particle size distribution (PSD) of brake emissions
is usually dominated by fine and ultrafine fractions, with UFPs (< 0.1 um) constituting up to 95% of
total particle number (Garg et al., 2000; Sanders et al., 2003; Verma et al., 2016). Since UFPs constitute
the vast majority of brake-wear particle numbers, and Fe is the dominant metal of those emissions,
brake-derived dust might thus be a major source of urban airborne Fe-bearing UFPs (Gonet & Maher,

2019).

Fe in brake emissions has been found in various forms: magnetite (Fes04), maghemite (y-Fe,0s),
haematite (a-Fe;0s3), wistite (FeO) and metallic Fe (a-Fe) (e.g., Kukutschova & Filip, 2018). Little
attention has yet been paid to the mass concentrations of specific magnetic phases/minerals. In terms
of potential association with neurodegeneration and Alzheimer’s disease, the oxidation state of Fe
(e.g., metallic Fe, Fe? ferrous Fe, Fe?*; ferric Fe, Fe3*) may be critical (Smith et al., 1997; Collingwood

& Dobson, 2006; Castellani et al., 2007; Pankhurst et al., 2008; Plascencia-Villa et al., 2016; Maher et
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al., 2016; Maher, 2019). Hence, quantitative evaluation of the magnetic mineralogy of roadside,
traffic-derived UFPs, and especially, of the concentration and particle size distribution of Fe?*-bearing

magnetite, may be particularly important in the context of human health hazard.

Here, we use a combination of magnetic component analysis of room- and low-temperature
magnetic measurements and scanning (SEM) and transmission (TEM) electron microscopy to obtain
guantitative evaluation of the mineralogy and particle size of magnetically-ordered particles within

airborne PM emissions originating from automotive brake systems.

Methods

Brake-wear generation, braking cycle and particulate matter sampling

Brake-wear emission tests were performed using a full-scale brake dynamometer (Link M2800) at
VSB — Technical University of Ostrava, Czech Republic. The dynamometer was equipped with an
environmental chamber, with cooling airflow of 2500 m3/h around the brake system. Commercially
available low-metallic brake pads, a cast iron brake disc and hardware of a mid-size passenger car
were used, during the 15026867 brake cycle simulating friction behaviour at different speeds and
brake pressures. The composition of the brake pad was analysed using X-ray diffraction (XRD). The
dynamometer test was conducted 4 times and results for the 4 sets of collected samples were
averaged; i.e. the particle size distributions (Fig. 1A), IRMs (Fig. 1B), magnetic component analysis, and
estimated mass concentrations of magnetite, metallic Fe and haematite. The same brake pad/disc

system was used 4 times (each time a new set of brake pads was used).

A Dekati ELPI+ impactor was used to collect brake-derived primary particles directly in the
dynamometer chamber, on Al foils, in 14 stages (size fractions), from 0.016 um to 10 um (Table SI 1).
Additionally, the non-airborne fraction, swept from the floor of the dynamometer chamber after the

test cycle, was also collected (hereafter called ‘non-airborne brake emissions’).

All Al foils were weighed before and after the dynamometer tests, and the difference treated as
the mass of the collected brake-derived particles. The mass measurements were made using a Mettler

Toledo XP6U/M ultra-micro balance with accuracy of 0.1 pg.

Number-normalised PSD was estimated based on the masses of particles collected on each foil
and average effective density of airborne brake-derived particles emitted by a low-metallic brake pad

(0.75 g/cm?3), from Nosko & Olofsson (2017a).
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Magnetic measurements and electron microscopy

Brake-wear emissions were analysed by magnetic remanence measurements conducted at room
temperature at the Centre for Environmental Magnetism and Palaeomagnetism, Lancaster University,
UK; and at low temperature (down to 77 K) at the Centre for Science at Extreme Conditions, University

of Edinburgh, UK.

To obtain independent information on the composition, structure, morphology and particle size
of the brake-wear particles, we used scanning (SEM) and transmission (TEM) electron microscopy to
image and analyse the particles directly at the Research Institute of Biomolecular and Chemical
Engineering, University of Pannonia, Veszprém, Hungary. Two units of the aluminium foil with the
deposited particles (stage 10 with nominal particle size of 1.6 um and stage 11 with nominal particle
size of 2.5 um) were analysed with SEM and TEM. The particle size given by the manufacturer (DEKATI)
is an average size of particles collected by a certain stage (size fraction). The actual size distribution of
the particles collected by each stage can vary across a wide range (e.g. Pagels et al., 2005; Noél et al.,
2013), e.g. for the nominal size fraction of 3.0 um, the particle size ranges from 0.2 um up to even >10

um (Pagels et al., 2005).

Details of all of the sample preparation and analytical procedures are provided in the Supporting

Information (SI 2).
Results

Particle size distribution

The particle size distribution (PSD) of the airborne brake-wear emissions is shown in Figure 1A in
terms of both mass and number. UFPs (< 0.1 um) contribute very little to the mass-based metrics, but
account for > 99% of the total number of emitted brake-derived particles. Conversely, the mass-
normalised PSD is dominated (> 90%) by particles bigger than 1 um (Fig. 1A). Similar results have been
obtained elsewhere (Garg et al., 2000; Verma et al., 2016; Nosko & Olofsson, 2017b).
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Figure 1. (A) Average mass- and number-normalised particle size distributions for the analysed brake
emissions. M — particle mass; N — particle number; D; — average grain size; the shaded areas represent
the minimum and maximum levels of particle mass/number observed in the 4 dynamometer
experiments. (B) Isothermal remanent magnetisation (IRM), imparted at 1 T at room temperature at
the Centre for Environmental Magnetism & Palaeomagnetism, Lancaster University, for (1) outdoor
PM sources (Hansard et al., 2012), (2) roadside PM in Lancaster (Halsall et al., 2008; Gonet et al., 2021),
(3) indoor PM (Halsall et al., 2008), (4) engine exhaust PM (Gonet et al., 2021) and (5) airborne brake-

wear PM (low-metallic brake pad/cast iron disc; this study).

Magnetic content of brake emissions

Figure 1B shows the room-temperature magnetic remanence (IRM, acquired at 1 T) for various
types of PM emissions measured in our laboratory, including indoor and outdoor PM, exhaust
emissions and brake wear (Gonet & Maher, 2019; Gonet et al., 2021). The IRM of a material depends
on the concentration of magnetic grains, and their magnetic mineralogy and/or grain size distribution.
Here, our analysed range of airborne particles display IRM values of between ~0.01-10* Am?/kg and
~95.8:10% Am?/kg for outdoor PM sources; between ~0.06:103 Am?/kg and ~8.32-10 Am?/kg for
indoor PM sources; and for engine exhaust emissions between ~5.1-103 Am?/kg (gasoline emissions)

and ~8.6-10% Am?/kg (diesel emissions).

In stark contrast, the IRM values for our brake-wear particles are 100 — 10000 times higher;
reaching average values of ~3383:10 Am?/kg for the airborne fraction (PM1o) and ~8891-103 Am?/kg
for the non-airborne fraction. IRM values for airborne brake emissions were similar for all 4 sampling

cycles, varying between 2963-103 Am?/kg and 3800-10 Am?/kg.
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In comparison, IRMs for roadside PM, both the airborne fraction (pumped air samples, Lancaster,
U.K.; Halsall et al., 2008) and total roadside dust (dust swept from roadside surfaces), fall in the lower
range between exhaust emissions (and other PM sources) and brake emissions (low-metallic brake
pad/cast iron disc), reaching levels of ~66.5-10"° Am?/kg and ~34.8-10 Am?/kg for airborne and total
roadside PM, respectively (cf. Fig. 1B).

For the size-fractionated brake emissions (Figure 2), IRM decreases with decreasing particle size
from >3000-10 Am?/kg for particle sizes ~1.6 — 10 um (stages 10 — 14) to <500-10°3 Am?/kg for particle
sizes ~0.016 — 0.054 um (stages 1 — 3). This trend most probably reflects lower concentrations of both
magnetite and magnetic Fe (cf. Fig. Sl 2.4 and discussion on the mass concentrations of magnetite and

metallic Fe with particle size in the Discussion section).
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Figure 2. Average isothermal remanent magnetisation (IRM), imparted at 1 T at room temperature,
for size-fractionated brake-wear emissions from low-metallic brake pads collected in 4 dynamometer

sampling cycles.

Magnetic component unmixing

Each magnetic phase is characterised by several parameters, including the median destructive
field of the IRM (MDFgy, indicating how easily a sample can be demagnetised); and a dispersion
parameter (describing the level of scattering around the mean MDFjru). Detailed AF demagnetisation
of IRM allowed identification of 3 magnetic components (C1, C2 and C3) in the brake emissions (Sl 2).
Two of these identified components are magnetically ‘soft’, i.e., they demagnetise at low AF values

(MDFirm of 12 mT and 28 mT for C1 and C3, respectively), and one (C2) is magnetically ‘hard’, having

10
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distinctly higher MDFrm (81 mT). The dispersion parameter is lowest for C2 (~0.16), higher for C3
(~0.31) and highest for C1 (~0.40). On average, magnetic component C1 contributes ~37.6% to total
IRM, component C2 accounts for ~5.6%, and C3 for ~56.8% of total IRM (Table SI 2.1). These
‘magnetic’ contributions can be used for estimation of mass concentrations of specific magnetic

minerals/phases, i.e. magnetite, haematite and metallic Fe (see Discussion).

Low-temperature magnetic measurements

Our low-temperature magnetic remanence measurements identify, first, magnetic transitions
diagnostic of different minerals and particle sizes (see also SI 5). Specifically, the Morin transition, a
first order magnetic transition in haematite, is visible at ~210-220 K, and the Verwey transition,
diagnostic of the presence of magnetite, is seen at ~100 — 150K (Fig. 3A). The Verwey transition for
the measured brake-wear samples is not sharp, reflecting either very small grain size (close to the
stable single domain/superparamagnetic boundary, ~30 nm), non-stoichiometry of magnetite, and/or
substitutions of Fe by other metals (e.g. Ozdemir et al., 1993). A relatively low Verwey transition
temperature (Ty < 100K) also suggests the presence of ultrafine grains of magnetite/maghemite

(Ozdemir & Dunlop, 2010; Ozdemir et al., 1993).

The low-temperature measurements also show sharp increases in magnetic remanence with
cooling (Fig. 3B), reflecting the magnetic ‘blocking in’ of ultrafine (< ~30 nm), superparamagnetic (SP)
grains, which were magnetically unstable at room temperature through thermal agitation. To quantify
the SP contribution, we estimated AM (Fig. 3B), compared to the total IRM (at 5 T and 77 K), for the
selected samples. Counter-intuitively, AM seems to decrease with decreasing particle size, reaching
44% - 46% for stages 13, 11 and 7 (~5.3 um, ~2.5 um and ~0.380 um, respectively), and declining to
32% for stage 3 (~0.054 um) and 28% for stage 1 (~0.016 pum). This behaviour might reflect: (1)
agglomeration of SP grains and/or their adherence to bigger particles, and hence their effective
assignment as larger particles (i.e., collected in the larger particle stages) by the impactor, and/or (2)
the presence of SP, oxidised rims around larger magnetic grains. The latter has been suggested by

Ozdemir et al. (1993), Sagnotti et al. (2009) and Sagnotti & Winkler (2012).

11
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Figure 3. Low-temperature measurements for stage 11 (~2.5 um) brake-wear emissions: (A) zero-field
changes in IRM during cooling, after acquisition of IRM (at 5T) at room temperature; and (B) the same
cooling changes (blue curve) and zero-field changes of IRM while heating after acquisition of IRM (at

5T) at 77K (red curve). AM reflects the contribution of superparamagnetic grains.

Scanning (SEM) and transmission (TEM) electron microscopy

Two brake-wear samples (stage 10 with particle size of ~1.6 um and stage 11 with particle size of
~2.5 um) were analysed using SEM and TEM. Figure 4 shows an overview SEM image of brake-wear
particulate emissions (stage 11, ~2.5 um). The sample is dominated by agglomerates of UFPs (one of
which is marked ‘1’), with smaller numbers of larger grains with smooth surfaces and sharp edges
(marked ‘2’). The larger, sharp-edged particles were also observed in our previous study (Kukutschova
et al., 2011). The size of the UFP agglomerates and the smooth, larger grains ranges between ~0.8 um
and 9 um. Both agglomerates and larger grains have similar elemental composition, typical of brake
emissions, with Fe, C and O being dominant, and with smaller amounts of Cu, Al, Si, S, Sn, Mg, P and

Cr (EDS spectra in Fig. 4).

Sb has sometimes been reported in brake-wear emissions and even suggested as a brake-wear
tracer (e.g. Sternbeck et al., 2002; Bukowiecki et al., 2009b). In our brake-wear PM, we did not detect
Sb (unsurprisingly, given its trace concentrations in the commercial brake pad used here, see Fig. Sl

2.1).

The TEM images show that the agglomerates comprise prolific numbers of UFPs ~10 nm — 50 nm

in size (Fig. 5, 6; see also Sl 6). Elemental analysis using EDS in STEM mode showed the presence of C,

12
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O and Fe, with variable but typically lower concentrations of various other elements, including Mg, Al,
Si, S, Ti, Cr, Cu, Zn and Sn (Fig. 5). The distributions of these minor elements are not uniform over
entire agglomerates; for example, Ti, Cr and Cu occur in specific nanoparticles within the agglomerate
shown in Fig. 5C. In terms of mineralogy, the agglomerates are dominantly composed of magnetite
(Fig. 5A, 6) and haematite (Fig. 6A), often covered with a thin shell composed of layers of
graphitic/amorphous carbon (Fig. 6A). Although it is challenging to quantify the concentration of

haematite using TEM, it appears to be present in lower concentration than magnetite.
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Figure 4. An overview SEM image of the stage 11 (~2.5 um) size fraction of brake-wear emissions; EDS

spectra for (1) an UFP agglomerate and (2) a large grain with smooth surface and sharp edges.
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Figure 5. (A) TEM image of an UFP agglomerate with associated selected-area electron diffraction
pattern corresponding to an ensemble of randomly oriented magnetite nanocrystals; (B) high-angle
annular dark-field (HAADF) image of an UFP agglomerate found in the sample of stage 10 (~1.6 um)
and (C) its EDS elemental map obtained in scanning transmission mode (STEM), showing the

distributions of Cr, Fe, Cu and Ti, and EDS spectra showing elemental composition.
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Figure 6. Structural analysis of iron oxide nanoparticles using TEM. (A) high-resolution (HRTEM) image
of an UFP agglomerate found in the stage 11 (~2.5 um) sample, with associated fast Fourier
transforms (FFTs) of the indicated particle regions, containing reflections corresponding to
periodicities in magnetite (FFT1) and haematite (FFT2); the arrow marks several layers of
graphite/amorphous carbon with periodicity of 3.6 A, similar to typical periodicities observed in
atmospheric soot; (B) HRTEM image of an UFP agglomerate with associated FFTs obtained from
specific particle regions, showing reflections consistent with lattice spacings in magnetite (stage 10,

~1.6 um).
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Discussion

Our results show that the concentrations of Fe-rich magnetic grains in airborne brake-wear
emissions are very high (~100 — 10000 times higher; cf. Fig. 1B), compared to other types of
particulate pollutants produced in most urban environments (Fig. 2). Chronic exposure at the roadside
or in-cabin to such high magnetite concentrations is especially worrisome because of the association
of Fe-bearing (and especially magnetite) UFPs with the excess production of reactive oxygen species
(ROS) in the brain, neurodegeneration and Alzheimer’s disease (e.g., Plascencia-Villa et al., 2016;
Coccini et al., 2017; Maher, 2019). In addition to roadside environments with frequent braking (e.g.
close to traffic-control lights or speed bumps), Fe-rich UFPs occur in high concentrations in other
environments, including underground subway/train stations (Moreno et al., 2015) and areas affected

by airborne emissions from iron-/steelworks (Li et al., 2021).

The oxidation state of Fe in airborne PM appears important in terms of its health hazard (e.g.,
Smith et al., 1997; Maher, 2019). Surface coatings (e.g. graphite/amorphous carbon; Fig. 6A) of UFPs
might also change the uptake, distribution, clearance and toxicity of Fe-rich UFPs (e.g. Singh et al.,
2010; Feng et al., 2018). Most brake-wear studies, however, have so far focused on mass and/or
number concentrations of brake-wear emissions (e.g. Perricone et al., 2017; Alemani et al., 2018;
Matéjka et al., 2020); few have analysed the elemental composition of the emitted particles (e.g.
Menapace et al., 2020), and almost none have studied the phase composition of the released particles.
Given that magnetite contains Fe?*, reportedly toxic to human cells through its catalysis of the Fenton
reaction (e.g. Smith et al., 1997), and that UFPs constitute the majority of brake-wear particles (both
as discrete particles (collected by ultrafine size fractions of the impactor; Fig. 1A) and agglomerates
(collected by larger size fractions of the impactor; Figs. 4 — 6)), a thorough, size-resolved evaluation of
elemental, mineralogical and structural composition of airborne brake-wear emissions may be critical

for further assessment of potential health impact.

Several different magnetic phases have been reported previously in brake emissions: haematite,
magnetite, maghemite, wistite and metallic Fe (e.g., Kukutschova & Filip, 2018). Here, we identified
3 magnetic components in brake emissions (cf. SI 2). No component can correspond to wistite as its
Neél temperature is 200 — 210 K (Cornell & Schwertman, 2003) so it does not carry magnetic
remanence at room temperature (~290 K). Moreover, the Neél temperature of wistite was not
observed on the heating curve from 77 K to room temperature (Fig. 3B), excluding its presence in our

analysed brake-wear samples.
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The magnetic ‘hardness’ (high MDFrm of 81 mT) of component C2 suggests that it represents
haematite. Haematite has previously been observed in other brake-wear studies (using Raman
microspectroscopy, TEM/EDS and XRD) (review in Kukutschova & Filip, 2018). The presence of
haematite in our dynamometer-generated brake-wear samples from low-metallic brake pads is
evident from the Morin transition in the cooling curves (Fig. 3A). Based on MDFrm data for synthetic
haematite and our measured MDFirm of ~81 mT, C2 corresponds to haematite grains of ~120 nm in
diameter (cf. Sl 2). Based on IRM data for pure, synthetic haematite powders (see Sl 2; Maher et al.,
2004), it is possible to estimate mass concentrations (wt.%) of this mineral in the analysed samples.
Hence, we estimate the average haematite mass concentration to be ~54.6 wt.% in the PMyo of
airborne brake-wear emissions. However, due to haematite’s low IRM (~25 — 60 times lower than that
of magnetite, and ~450 times lower than of metallic Fe; cf. Table SI 2.2) and very low contribution to
total IRM (~5.6%; Table Sl 2.1), the inherent uncertainty of this estimated haematite mass
concentration is very high, reaching levels up to +32.8 wt.% (see Sl 4 for more details). Although
haematite was observed in TEM analysis (Fig. 6A), its concentration appears much less than the 50
wt.% estimated using magnetic component analysis. It is, therefore, highly likely that the haematite

mass concentration is magnetically over-estimated here.

Since the Verwey transition was observed in the cooling curve (Fig. 3A), at least one of the ‘soft’
magnetic components (with relatively low MDFjry of 12 mT (C1) or 28 mT (C3)) comprises magnetite.
Component C3 probably represents magnetite due to its higher MDFrm (28 mT for C3 vs 12 mT for C1,
Table SI 2.1). Based on magnetic contributions from magnetic component analysis and average IRMs
for sized magnetite particles (Maher, 1988), we can estimate the mass concentration of magnetite
(see SI 2 for details on the estimation method). On average, the mass concentration of magnetite is
~20.2 wt.% of the total PM of brake emissions (~18.5 wt.% in PM,.s and ~7.6 wt.% in PMo ) (see SI
4 for details on the error estimations). It is likely that component C3 reflects a partially oxidised
(maghemitised) magnetite, with a high contribution of SP grains, as indicated by the low-temperature
magnetic properties (Fig. 3). Magnetite has been observed, but not quantified, previously in brake-
wear emissions (from low-metallic brake pad/cast iron disc) (Kukutschova et al.,, 2010, 2011;

Peikertova et al., 2013; Verma et al., 2016; Kukutschova & Filip, 2018).

The remaining component, C1, probably corresponds to metallic Fe, as indicated by high-
temperature changes in magnetic susceptibility (SI 3). Its concentration is ~1.6 wt.% (see also Sl 4 for

the estimation uncertainties and Sl 2 for details on the estimation method).

The mass concentrations of all three magnetic phases generally decline with decreasing particle

size (Figure Sl 2.4). Magnetite concentrations reach levels ~20 wt.% for particles > 0.600 um and

17



357
358
359
360
361
362
363
364
365
366
367
368
369

370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

decrease to 2 — 15 wt.% for particles < 0.380 um. Metallic Fe content ranges between ~2.0 wt.% for
size fractions > 1.6 um and < 0.5 wt.% for particles < 0.400 um. The physical and chemical processes
occurring within brake systems while braking are complex, abrupt and irregular (e.g. Kukutschova et
al., 2009; Lee & Filip, 2013; Nosko et al., 2015; Kukutschova & Filip, 2018). Magnetic particles can be
released from the magnetite filler that is often added to brake pads as solid lubricant, Fe/steel fibres
used as reinforcing constituents (Jang, 2013; Kukutschova & Filip, 2018), and/or the cast iron brake
disc. The XRD spectrum for the brake pad used in this study showed the presence of various phases of
Fe, including metallic Fe (a-Fe), Fe oxides (magnetite/maghemite) and Fe oxide-hydroxides (Fig. SI
2.1). The 3-component magnetic composition of Fe-bearing particles we identify in our brake-wear
emissions may reflect either or both the release of abraded particles from the brake pad and friction-
derived modification of particles through increasing stages of oxidation, from metallic Fe (in both
brake pad and disc), through magnetite (potentially partially oxidised/mixed with maghemite), and

finally to haematite.

Although brake systems are designed to abrade friction materials of brake pads and discs, our
data show that high-temperature oxidation, evaporation and condensation processes are also
important, creating very high numbers of discrete, rounded/spherical UFPs, which can subsequently
be released to the atmosphere both as discrete UFPs (> 99% of PNC; Fig. 1) and as agglomerates of
UFPs (dominating larger size fractions; Figs. 4 — 6). Interestingly, some authors have observed PM
emissions (both solid and semi-volatile) from braking systems even without applying brakes,
presumably due to similar evaporation/condensation processes (Wahlstrom & Olofsson, 2014; Hagino
et al., 2015, 2016; Ma et al., 2020). These processes depend on the friction materials, braking
conditions (e.g. braking frequency, applied pressure, air humidity), and even the age of the friction
materials (due to rust). In general, below ~200°C, the abrasive processes usually dominate and larger
(> 1 um) wear particles are mostly emitted. At higher temperatures (> 160°C — 190°C), the
concentration of UFPs (< 0.1 um) increases considerably due to high-temperature oxidation,
evaporation and condensation processes (e.g. Garg et al., 2000, Kukutschova et al., 2010, 2011; Verma
et al., 2016; Piscitello et al., 2021). These ultrafine particles subsequently agglomerate and form larger
aggregates, such as these observed in our SEM/TEM images (Figs. 4 — 6 and S| 6). Importantly, only
impactors/particle sizers (e.g. ELPI+, OPS and/or SMPS) are conventionally used to evaluate particle
size distributions of brake-wear emissions. Without further analysis (e.g. using SEM and/or TEM), it is
impossible to distinguish between discrete larger grains and agglomerates of UFPs, since both of these
are classified as ‘large’ particles by an impactor/particle sizer. Hence, in many studies the presence of

agglomerated ultrafine particles in coarse fractions is not analysed or discussed whatsoever.
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The magnetic properties of brake-wear emissions deposited on vehicle wheel rims have been
investigated in several studies (Sagnotti et al., 2009; Chaparro et al., 2010; Marié et al., 2010; Sagnotti
& Winkler, 2012). Chaparro et al. (2010), for example, observed IRM of these wheel deposits to be
between 569.6-:10°3 Am?/kg and 1201-10° Am?/kg, substantially lower than the IRMs of the non-
airborne brake wear we obtained here (~8891-103 Am?/kg). These previous studies suggested that
brake-wear PM is dominated by magnetic grains > 0.1 um or even > 1 um (albeit with uncertainty
regarding any SP fraction) (Sagnotti et al., 2009; Chaparro et al., 2010; Marié et al., 2010; Sagnotti &
Winkler, 2012). However, our results, based on size-fractionated airborne brake emissions, show high
IRMs for all collected size fractions, including those smaller than 0.1 um (Fig. 2). This discrepancy
probably reflects different methods of sample collection. Here, we collected particles which had
originated from the friction couple (brake pad/cast iron disc), during braking, using a full-scale
dynamometer and one formulation of brake pads; and analysed the magnetic properties of this size-
fractionated brake-wear. Most UFPs emitted from car braking systems probably do not settle on the
wheel rim, but are released to the roadside air. It is also likely that PM samples settled on wheel rims,
contain, besides highly magnetic brake wear particles, some portion of tyre wear, roadside and soil-
derived re-suspended PM, which display lower IRMs (cf. Fig. 1B and Gonet et al., 2021). Thus, the
wheel-deposited PM mixture has lower magnetic content than our ‘pure’ brake wear particles. The
age of brake pads might also be important. In the dynamometer experiments, we used a new set of
brake pads and discs, whereas car brake pads often rust as they age. As rust is a mixture of hydrous
Fe oxides and Fe oxide-hydroxides (rather than ‘pure’, well-crystalline Fe oxides, e.g. highly magnetic
magnetite), the measured IRM of such ‘aged’ brake emissions will be lower compared to ‘new’ friction
materials from dynamometer experiments. Vehicle-derived rust might contribute to the ferrihydrite
reported by Pattammattel et al. (2021) in roadside PM analysed in Los Angeles, USA. Moreover, wheel
rim-deposited PM might oxidise with residence time in the urban air (metallic Fe oxidising to
magnetite/maghemite, and then into haematite). Each oxidation stage will decrease the final,

measured IRM value of such deposited material.

Various studies show the abundant presence of Fe-bearing UFPs in roadside PM (e.g. Ntziachristos
et al., 2007; Sanderson et al., 2014, 2016; Yang et al., 2016; Gonet & Maher, 2019; Long et al., 2020;
Zhang et al., 2020). Magnetic data for roadside PM have also shown the presence of ultrafine, SP
grains (< ~30 nm) in roadside air pollution (e.g., Muxworthy et al., 2002, 2003; Sagnotti et al., 2006,
2009). However, SP grains could occur as discrete ultrafine grains and/or as oxidized rims around
larger particles, arising from cracking of cation-deficient coatings of the unoxidised core (Ozdemir et
al., 1993; Muxworthy et al., 2002, 2003; Sagnotti et al., 2009, Sagnotti & Winkler, 2012; Rea-Downing

et al., 2020). Indeed, specifically for particulate brake-wear emissions, magnetic studies have provided
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contradictory data on the presence of discrete ultrafine SP grains versus SP oxidised rims around larger
magnetic grains (Sagnotti et al., 2009; Sagnotti & Winkler, 2012). Our low temperature (77 K) magnetic
measurements identify that the SP contribution to total magnetic remanence of brake emissions
varies from ~25% to 45%. In contrast, Marié et al. (2010) obtained very low values (0.0 — 0.8%) of
frequency dependence of magnetic susceptibility (kss) for brake wear. This parameter is sensitive to
the presence of SP grains and is usually higher than ~5% - 6% in the presence of SP grains (Dearing et
al., 1996). Here, we also obtained low k%, ranging between 0.5% and 3.4% (data not shown). To
resolve these apparently contradictory magnetic data, we used, besides low-temperature magnetic

measurements, an independent analytical approach, TEM.

Our TEM analysis shows that agglomerated UFPs dominate even the larger size fractions (~1.6 um
— 2.5 um) of brake-wear emissions, consistent with our previous study (Kukutschova et al., 2011).
These aggregates comprise rounded/spherical particles ~10 nm —50 nm in size, abundant in Fe oxides,
with smaller concentrations of Al, Cu, Si, Sn, Mg, Cr, Mn and Zn, in places surrounded by or embedded
in C (see Sl 6). The presence of C is probably a product of the oxidative wear of phenolic resin, used in
brake pads as a binder (Filip et al., 2002; Kukutschova & Filip, 2018). Liati et al. (2019) found brake-
derived agglomerates of UFPs, with similar rounded/spherical morphology and elemental composition
to our agglomerates (Figs. 4 — 6; Sl 6). We did not observe SP oxidised rims using TEM, and the
presence of such prolific numbers of agglomerated, magnetic UFPs can readily account for the

observed SP behaviour, i.e., the large increase in IRM at 77K (Fig. 3B).

Interestingly, we observed measurable magnetic remanence for all size fractions, including those
smaller than 30 nm (stages 1 and 2 in Fig. 2). Theoretically, magnetite grains < 30 nm, haematite < 27
nm and metallic Fe < 8 nm should not hold any magnetic remanence at room temperature due to
thermal agitation of their moments, hence resulting in SP behaviour (Dunlop, 1973; Ozdemir et al.,
1993; Bgdker & Mgrup, 2000; Pankhurst et al., 2008). Magnetic component analysis suggests that
metallic Fe is responsible for only ~36% of IRM for stages 1 and 2 (< 30 nm; Fig. Sl 2.2); hence, the
measurable IRM of these ultrafine particle size fractions likely reflects magnetic interactions of SP
grains of magnetite, resulting in collective SD-like behaviour. Similar effects were observed by
Radhakrishnamurty et al. (1973) and Maher (1988). This collective, SD-like behaviour might also
explain the low values of frequency dependent magnetic susceptibility for brake-wear emissions

obtained in our study, and by Marié et al. (2010).

The very strongly magnetic nature of brake-derived PM also has important consequences for
interpreting magnetic monitoring studies, regarding the properties and sources of the magnetic PM

deposited on biological surfaces (e.g., see review by Hofman et al., 2017). Sagnotti et al. (2009) and
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Sagnotti & Winkler (2012) compared the magnetic properties of roadside PM, petrol, diesel, and brake
emissions. They noted close resemblance between the magnetic properties of brake emissions and
the roadside PM accumulated on air filters and roadside leaves. This now appears unsurprising, given
that brake-derived magnetite might constitute 68% — 85% of total airborne magnetite in the roadside
environment, as estimated in our recent study (Gonet et al., 2021). Moreover, the presence of brake-

derived metallic Fe might be another confounding factor.

Air pollution in urban environments occurs in spatially and temporally variable concentrations,
changing from country to country, town to town, even from one side of the street to another (Matzka
& Maher, 1999). Locally, air pollution levels depend on the proximity to major roads, traffic
characteristics, local road structure and topography, time of the day, weather conditions and season
(e.g. Jeong et al., 2015; Pasquier & André, 2017). Specifically, high concentrations of brake-wear
emissions are expected in proximity to traffic-control lights (or speed bumps), or where traffic jams
are frequent, and braking (and accelerating) is repetitive. At such sites, co-association between brake-
derived PM and engine exhaust emissions might explain the correlation between concentration-
dependent magnetic parameters (e.g. IRM) and exhaust-related metals (e.g. Pb) (Maher et al., 2008),
even though the magnetic properties of roadside PM might be dominated by brake-wear emissions,
rather than by engine-exhaust PM (Gonet et al., 2021). However, at other heavily polluted urban sites
(e.g. close to highways where engine exhaust emissions dominate), brake-derived PM is likely to occur

in low (or sometimes negligible) concentrations due to rather sporadic braking.

Indeed, this inter-correlation between the concentrations of different traffic-related sources of
PM in some sites (e.g. close to traffic lights) and lack of such correlation at other sites (e.g. close to
freeways) might be a key reason why source apportionment of different traffic-derived sources of PM
in urban environments is challenging and variable between different studies and sampling sites (e.g.
Bukowiecki et al., 2009a; Harrison et al., 2011, 2012; Lawrence et al., 2013). Thus, careful selection of
different types of roadside sampling sites is essential for characterising and quantifying different

roadside PM sources, and resultant human exposure levels to those different sources.

Notably, over 99% of the PNC of our solid (non-volatile) brake-wear particles is smaller than ~200
nm (Fig. 1). Moreover, even larger particle collection stages are dominated by agglomerates of UFPs
~10 nm — 50 nm in diameter (Figs. 4 — 6), which, depending on particle/cell interactions, have the
potential to release millions of discrete UFPs inside the human body. Such small particles have been
shown to reach almost all major organs, including the brain; the latter accessible directly by inhalation
via the olfactory bulb (Oberdorster et al., 2004; Maher et al., 2016), and/or indirectly through

ingestion/swallowing and transfer via the gut wall and neuroenteric system (Calderén-Garciduefias et
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al., 2020), and/or via the systemic circulation. The presence of magnetite, Fe- and other metal-rich air
pollution UFPs has been demonstrated recently in the blood serum, and pleural effusions, of residents

living in Beijing, China (Lu et al., 2020).

Maher et al. (2016) and Calderén-Garciduefias et al. (2020) observed exogenous,
rounded/spherical UFPs (usually < 150 nm) of Fe-rich composition, including magnetite, in frontal
cortex and brainstem tissues, similar to those found in the brake emissions in this (Fig. 5, 6) and
previous studies (Kukutschovd et al., 2010). Exogenous, carbon- and Fe-rich UFPs have also been found
in other human tissues, including heart (Calderén-Garciduefas et al., 2019b; Maher et al., 2020),
human serum and pleural effusions (Lu et al., 2020), placenta (Bové et al., 2019; Liu et al., 2021) and
amniotic fluid (BaroSova et al., 2015). These UFPs are usually associated both with other metals (e.g.,
Al, Ca, Ce, Co, Cr, Cu, Mn, Ni, Pt, Ti, Sn and Zn) (Barosova et al., 2015; Maher et al., 2016; Bové et al.,
2019; Calderdn-Garciduefias et al., 2019b, 2020; Lu et al., 2020; Liu et al., 2021) and with evidence of
biological dysfunction, e.g. misfolded proteins, neurites and mitochondrial damage in the brainstem
(Calderén-Garciduenas et al., 2020), and mitochondrial damage and ventricular up-regulation in the

heart (Calderdn-Garcidueiias et al., 2019b; Maher et al., 2020).

In the roadside environment, various toxic metals (e.g. Al, Ba, Cu, Fe or Mn) (Gao et al., 2020), and
especially potentially neurotoxic magnetite, originate abundantly from brake wear (Thorpe &
Harrison, 2008; Kukutschova et al., 2010, 2011; Peikertova et al., 2013; Straffelini et al., 2015;
Peikertova & Filip, 2016; Verma et al., 2016; Kukutschova & Filip, 2018; Gonet et al., 2021). Both Fe
and Cu might catalyse ROS production (Smith et al., 1997; Allsop et al., 2008; Charrier & Anastasio,
2011; Tabner et al., 2010; Li & Reichmann, 2016; Gao et al., 2020). Further, mixtures of metals (e.g. Fe
and Cu) can act synergistically to promote oxidative cell damage (Charrier & Anastasio, 2011).
Exposure to Ba, found in human amniotic fluid (BaroSova et al., 2015), might additionally lead to
cardiovascular, renal, metabolic, neurological and mental disorders (e.g. Kravchenko et al., 2014).
Hence, brake-wear particulate emissions, rich in potentially toxic metals and organic matter, might
exert adverse impacts on various human organs, including the brain, at every life stage, from foetal to

adult.

In vitro and in vivo studies of the pulmonary and cardiovascular toxicity of brake wear PM (both
‘airborne’ and ‘non-airborne’ fractions) show that brake emissions can cause oxidative stress and
chromosomal damage, invoke pro-inflammatory responses and increase ROS production (Gasser et
al., 2009; Kukutschova et al., 2009; Zhao et al., 2015; Kazimirova et al., 2016; Malachova et al., 2016;
Barosova et al., 2018; Puisney et al., 2018; Rajhelova et al., 2019; Selley et al., 2019). Given the

predominance of UFPs (99% of PNC < 200 nm; Fig. 1) in brake-wear emissions, our identification of
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high concentrations of magnetite in PMg; (~7.6 wt.%) and its reported association with
neurodegenerative diseases, it seems both timely and important for the neurotoxic potential of the
specific components of brake-wear emissions to be investigated in detail. Indeed, the impacts of Fe
and other transition metals in airborne PM are likely under-estimated in such studies at present, due
to assay-induced metal precipitation/immobilization, e.g. in phosphate-buffered systems (Reed et al.,

2021).

The 1SO026867 dynamometer cycle, used in this study, is an established and commonly used brake
dynamometer cycle in mechanical and tribological studies of brake systems. It covers a wide variety
of driving and braking conditions, including, among others, harsh braking events which likely happen
only episodically in urban areas. This cycle might thus not be fully representative for urban driving.
Brake pad/disc temperature is a critical parameter in terms of the release of ultrafine particles. During
the ISO26867 cycle, this temperature can reach levels higher than these usually occurring when driving
in cities (e.g. Nosko et al., 2015, 2017; Perricone et al., 2017; Alemani et al., 2018). Follow-up magnetic,
elemental and morphological analyses of brake-wear emissions, using a less severe brake cycle (e.g.
the WLTP-based cycle proposed by Mathissen et al., 2018) would be valuable for further characterising

and understanding the generation and concentration of brake-derived UFPs.

In this study, we tested and analysed PM emissions from an example of a brake system for a
middle-size passenger car, commercially-available and widely-used on the European market. Although
the range of friction materials used on the global market is very wide (e.g. Hulskotte et al., 2014), our
magnetic and compositional data are generally in line with other studies of brake-wear emissions. The
three magnetic phases observed in this study (i.e. magnetite, haematite and metallic Fe) have been
reported (but not quantified) by other authors (e.g. Peikertova et al.,, 2013; Verma et al., 2016;
Kukutschova & Filip, 2018). Our SEM/TEM analyses showed the presence of Fe, C and O, with lower
concentrations of Cu, Al, Si, S, Sn, Mg, P and Cr (cf. Figs. 4 and 5). All these elements have been
commonly observed in brake-wear emissions (e.g. review in Kukutschova & Filip, 2018). Hence, our

results seem to be representative for commonly used friction materials.

Conclusions

Combining magnetic component analysis (based on magnetic remanence), low-temperature and
high-field magnetic measurements, and electron microscopy enabled, for the first time, size-resolved

guantitative evaluation of the magnetic mineralogy of airborne brake-wear emissions.
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We observed three magnetic phases: haematite; magnetite; and metallic Fe. From the magnetic
component analysis, the average magnetite concentration in total PMjo of brake emissions is ~20.2
wt.%, metallic Fe ~1.6 wt.%, and haematite ~54.6 wt.%. The haematite concentration is likely
magnetically over-estimated (high uncertainty being associated with its much lower IRM compared

with magnetite and metallic Fe).

Most brake-wear particles (> 99% of PNC) are smaller than 200 nm. Brake-wear emissions exhibit
a strong superparamagnetic signal, reflecting the presence of very high numbers of UFPs < ~30 nm in
size. Even the larger brake-wear PM size fractions are dominated by agglomerates of ultrafine,
superparamagnetic grains, which explains their low-temperature increase in IRM. Depending on
interactions between these agglomerates and potential biological targets, release of discrete UFPs
might result in chronic supply of toxic metal-bearing UFPs to all major organs of the body. Such UFPs
likely pose a threat to neuronal and cardiovascular health after inhalation and/or ingestion. The
concentration of magnetite in brake-wear particle sizes smaller than 200 nm (PMo) is estimated to
be ~7.6 wt.%. Magnetite particles < 200 nm might be especially hazardous to the brain and the heart,
contributing both to microglial inflammatory action, and catalysis of the Fenton reaction, leading to

excess ROS production, and cell damage due to oxidative stress.

Given this predominance of UFPs in non-volatile brake-wear emissions, high concentrations of
magnetite in PMg,, and the reported association between excess Fe and neurodegenerative diseases,
the neurotoxic potential of brake-wear emissions warrants detailed investigation. We hypothesise
that chronic exposure to such particles can plausibly account for the observed PM dose/response
relationships reported for cardiovascular disease, and for neurodegenerative diseases, including

Alzheimer’s and Parkinson’s disease.

Finally, based on current knowledge, it is evident that particulate emissions generated by wear of
brake pads/discs can be controlled by modification of brake pad formulation and/or brake pads/disc
coatings. However, great care is required in order to avoid the risk of exchanging one health hazard
(e.g. asbestos used in brake formulations before ~1990) for another (e.g. cytotoxic metal-rich UFPs).
Another potentially effective strategy to limit brake emissions is the replacement of standard, friction
brakes by regenerative brake systems, increasingly implemented by manufacturers of electric

vehicles.
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