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HIGHLIGHTS GRAPHICAL ABSTRACT

e Brake wear dust (BWD) is a key non-
exhaust emission (NEE) in urban
pollution.

e BWD moves through both unsaturated
and saturated porous media.

e Soil type and water flow dynamics in-

fluence BWD environmental behavior. ATHCRBINE:
e Metals in BWD threaten soil and YD SOUICE
groundwater  quality in  urban Fecompounds
environments.
UNSATURATED COLUMN
SOIL AND AQUIFER: TRANSPORT TEST
BWD MIGRATION SATURATED COLUMN
PATHWAYS TRANSPORT TEST
ARTICLE INFO ABSTRACT
Keywords: Road traffic is a major source of atmospheric pollution, especially in urban areas, contributing significantly to
Traffic non-exhaust emissions particulate matter (PM) emissions. While electric vehicles (EVs) help reduce exhaust emissions, they do not

Brake wear dust

. . . substantially address non-exhaust emissions (NEEs), such as brake wear dust (BWD), which remains a significant
Particle transport in porous media

B source of PM, particularly in urban environments. This study investigates at a preliminary level the environ-
Urban pollution . . s . .
Soil contamination mental fate of BWD, studying at the laboratory scale its mobility and behaviour in unsaturated and saturated
Groundwater contamination porous media, which simulate subsoil and aquifer conditions. BWD, produced through friction between brake
pads and rotors during deceleration, can settle on road surfaces, posing risks to soil and water quality through
runoff and infiltration. Laboratory tests were conducted here to highlight BWD transport mechanisms in porous
media. BWD mobility is influenced by ionic strength and flow velocity, with higher rates promoting particle
transport, and higher ionic strengths inhibiting it. The study also highlights the importance of soil composition,
with sandy soils allowing for greater BWD mobility than clay-rich soils. The findings evidence the need for
continued research to better understand the environmental risks posed by BWD, particularly in unsaturated soils.
Additionally, the potential of BWD to act as a carrier for other pollutants requires further investigation.
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1. Introduction

Road traffic is a major contributor to atmospheric pollution, espe-
cially in urban areas, and hence to particulate matter (PM) emissions,
which pose substantial risks to human health and are linked to prema-
ture deaths worldwide [1,2]. Current strategies and policies toward a
more sustainable road mobility in Europe are fuelling the adoption of
hybrid and electric vehicles (EVs) instead of conventional internal
combustion engine vehicles (ICEVs) [3,4]. The transition to EVs is
reducing exhaust emissions (EEs) (such as nitrogen oxides, exhaust PM,
carbon monoxide, unburned hydrocarbons and volatile organic com-
pounds), but the growing number of circulating vehicles, proportional to
population urbanization and growth, and the generally heavier weight
of EVs compared to ICEVs, is not leading to a significant reduction of
non-exhaust emissions (NEEs) from sources such as brake, tire and road
pavement wear [5-7]. Literature studies evidenced a potential increase
of PM10 and PM2.5 emissions from EVs compared to ECEVs and change
in composition [8]. In particular heavier EVs are expected to increase
non-exhaust PM2.5 by 3-8 % relative to conventional vehicles [9,10].

Among NEEs, brake wear dust (BWD) is the most abundant non-
exhaust particulate measured in urban areas [11,12], accounting for
16 % - 55% of PM10 from road traffic [13-15]. Piscitello et al. [1]
highlight that brake wear PM10 emission factors range from 1 mg km ™!
veh™! to 18.5mgkm™! veh™!. In modern passenger cars, disc brake
systems are commonly used, employing flat brake pads that exert
pressure against a rotating metal disc. Grey cast iron is typically the
material of rotors, while the brake linings consist of five primary com-
ponents: binders, fibres, fillers, frictional additives or lubricants, and
abrasives [13]. The frictional heat generated during braking events leads
to the wear of linings and rotors, producing micronized particles [1,16].
Moreover, a nanocrystalline layer of iron oxides, produced by oxidative
mild wear of the cast iron disc and by oxidation of low metallic pads, is
formed at the contact surface between brake pad and rotor, and con-
tributes to debris formation [17]. The resulting particles vary in size,
mass and chemical composition, making their characterization chal-
lenging [18].

The current substantial lack of standardized sampling and measuring
procedures leads researchers to use different experimental and analyt-
ical approaches, which produce hardly comparable results [13]. Ac-
cording to Kumar & Ghosh [19], the dimension of brake wear particles
ranges from a few nanometres up to 100 pm. Despite variations in brake
material among manufacturers, Fe, Cu, Zn, Ba and Sb are consistently
attributed to brake wear and thus used as markers for brake debris [20,
21,14,22,23]. Liati et al. [23], using energy dispersive X-ray analyses of
particles collected on a brake test bench, found that Fe is dominant in
every size fraction, confirming the magnetic nature of debris [16].
However, the NEEs characterization studies are strongly affected by
variables such as test conditions, traffic intensity, road characteristics,
and climate factors [1].

The current lack of generalizable values of size, composition and
consequently of characterization procedures and protocols is probably
the first cause of the absence of universal emission limits of wear par-
ticles from vehicles and roads in Europe [24].

It is evident, at this point, that BWD represents an emerging
contaminant and a source of potential risk to human health and different
environmental domains. The contamination of soils by heavy metals in
proximity to roads has been already evidenced in the literature [25-27].
Depending on their size, brake wear particles can be either airborne or
sedimentary. Airborne particles, dispersed and suspended in the air, can
undergo atmospheric deposition (wet and/or dry) and reach the ground.
Non-airborne particles may deposit on road surface or be attracted onto
car wheels [28]. Both may be washed away by rain, contaminating
urban or highway stormwater runoff, and thus the receiving surface
water [7,29]. Ultimately, following infiltration, they can contribute to
subsoil and groundwater contamination. Despite these risks, knowledge
gaps remain concerning their migration pathways subsequent to
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atmospheric deposition and/or rainwater interception, as well as their
interaction with substances such as humic acids, potentially able to
reduce aggregation and instability of such colloids, thus facilitating their
leaching [30-32].

This study aims to contribute to fill this knowledge gap by investi-
gating the key properties and mechanisms controlling the transport of
brake wear particles in unsaturated and saturated porous media,
representative of the unsaturated zone and the aquifer, respectively.
Despite the well-consolidated knowledge on the mechanisms and key
factors controlling colloid transport in porous media, specific studies are
needed, like the one we present here, to elucidate the specific behavior
of BWD: being highly heterogenous in size, morphology and composi-
tion, its transport in the subsoil cannot be approximated a-priori by
referring to general colloid transport theories. The chemical composi-
tion and morphology of real BWD samples were analysed using different
techniques (SEM-EDX, Raman spectroscopy, ICP-MS). Column transport
tests were conducted under saturated and unsaturated conditions,
investigating the impact of flow velocity and ionic strength on particle
mobility and accumulation in the columns mimicking subsurface envi-
ronment. These experimental results were then modeled using colloid
transport software to provide preliminary insights into the key mecha-
nisms and critical factors influencing BWD migration through the sub-
surface, which can guide further studies at the field scale.

2. Materials and methods
2.1. Brake wear dust: characterization and suspension preparation

A sample of brake wear residues accumulating on wheel rims and
braking systems was collected from cars of various brands and cylinder
capacities in a workshop with service of changing tyres. The BWD
sample was subjected to subsequential sieving to retain only fine par-
ticles with dimensions lower than 45 pm, since larger particles are not
expected to exhibit any mobility in soil and aquifer systems.

To determine particles size, morphology, and elemental composition
of the BWD sample, SEM-EDS microscopy (FEI instrument — Hillsbor,
OR) was used. A suspension of BWD in deionized water (50 mg/1) was
filtered on a polycarbonate membrane (0.4 pm pore size), air-dried and
deposited on the stubs. The obtained SEM images were processed using
the software ImageJ [33] to evaluate the particle size distributions. A
further characterization in terms of chemical composition was obtained
by means of a confocal Raman microscope (inVia™ - Renishaw — UK)
equipped with 532 nm laser excitation. Moreover, the concentration of
several metals was determined by an external laboratory (EUROLAB srl -
Italy). The protocol included microwave assisted digestion of the sample
(EPA method 3051 A) followed by inductivity coupled plasma-mass
spectrometry (ICP-MS, EPA method 6020B).

A suspension was prepared by dispersing BWD in deionized water to
a concentration of 2000 mg/L. To effectively disperse the particles, the
sample was sonicated for at least 10 minutes in an ultrasonicator bath
(CEIA CP102 - Italy). Then, it was stirred for 12 hours through a mag-
netic stirrer (Thermo Scientific Cimarec I — Walton-on-the-Naze — UK).
After a second step of sonication (10 minutes), the particles were coated
by humic acid (HA) (Humic acid sodium salt, tech. 50-60 % as humic
acid — Alfa Aesar) at the initial concentration of 0.04 g/L, to mimic the
HA coating that can naturally occur for BWD (as well as other particles)
when dispersed in the subsoil. The suspension was then stirred for
12hours and then centrifugated at 8000 rpm for 15min (Neya 16
centrifuge — Remi Elektrotechnik Ltd — India) to eliminate the exceeding
humic acid. We measured a residual concentration of humic acid equal
to 0.0275mg/L through a TOC analyzer (TOC-LDSH FA, E200, Shi-
madzu - Milan, Italy). The calibration curve TOC (total organic carbon)
— HA used for this calculation is provided in Figure S 1 in Supporting
Information (SI). The centrifuged part was then resuspended in either
deionized water (DIW) (for column transport tests performed in both
unsaturated and saturated conditions) or rainwater (RW) (for tests in
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saturated conditions). Thanks to careful handling of the samples, a final
BWD concentration of 2 g/L was achieved in both waters. The RW was
collected in Turin rejecting the first rain (at least 10 minutes), and then
filtered to remove any impurities. The RW underwent a chemical anal-
ysis performed by an external laboratory (EUROLAB srl - Italy) and its
ionic strength (IS) resulted equal to 5 mM. The complete analysis of RW
and the calculation of IS are provided in Table S 1 in SI.

BWD coated with HA was characterised by zeta potential values of
—13.2+0.4mV in DIW and —17.2+0.4mV in RW, measured by dy-
namic light scattering (DLS Zetasizer Nano Z — Malvern Instruments Ltd
- UK).

2.2. Column transport tests: experimental and analytical protocol

The transport experiments were performed in adjustable-height
Plexiglas columns with 1.6 cm inner diameter and adjustable length.
Three porous media were used, namely silica sand and two standard
soils. Silica sand (Dorsilit 8, Dorfner, Germany; dig, dso and dgg equal
respectively to 0.415, 0.45 and 0.5 mm) was used as a reference porous
medium for both saturated and unsaturated tests. Before column pack-
ing, the sand was cleaned applying three sequential cycles of washing
and sonication with 100 mM NaOH, tap water and deionized water,
respectively, to remove any impurities and colloids [34]. After the
cleaning procedure, the sand was dried in the oven and stored. For un-
saturated column transport tests, two additional standard soils were also
used, namely a sandy loam soil (LUFA 2.2) and clayey loam soil (LUFA
2.4, LUFA Speyer — Germany). The nominal soil grain size distribution is
equal to 10.8% for d <0.002mm, 15.7 % for 0.02<d < 0.05mm,
73.5% for 0.05 <d < 2mm (for LUFA 2.2), 23.7 % for d < 0.002 mm,
42.2% for 0.02 <d < 0.05mm, 33.1 % for 0.05 <d < 2mm (for LUFA
2.4).

2.2.1. Column transport tests in saturated conditions

A scheme of the experimental setup is illustrated in Fig. 1 (a). For
each column, 35 g of dry sand were re- hydrated and used to wet-pack
the column to a height of 10 cm with vibration to minimize any layer-
ing or air entrapment, following the procedure detailed in [35]. First, a
tracer test, aimed at determining porosity and dispersivity of each col-
umn, was performed injecting a 10 mM NaCl solution for at least 3 pore
volumes (PVs) at constant rate, followed by flushing with deionized
water (DIW) until the breakthrough curve (BTC) was completely
exhausted, to ensure the absence of solute. Following the protocol of
Bianco et al., [36], the tracer concentration at the column outlet was
monitored in-line every 10 s using a UV-vis spectrophotometer (Specord
S600, Analytik Jena, Germany) equipped with flow-through cells char-
acterized by a 2mm light path (Hellma, Germany) at a wavelength of
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198.5nm (which showed linear relationship between absorbance and
concentration).

The BTC was fitted to the classical advection-dispersion equation (1)
using the software MNMs 2021 (www.polito.it/ricerca/groundwater/it
/software/mnms) [37]:

g0 O o
o M50 ~ 95

(€3]

where ¢, is the tracer concentration [ML’3], Qsqe is the dispersivity [L], g
is the Darcy velocity [LT '], and n is the effective porosity of the packed
bed [-]. An average porosity n of 0.41 + 0.04 and average dispersivity
asqr Of (1.33 & 0.3)-10"3 m for the sand (Table 3), and of 0.37 4 0.03
and of (5.00 + 2)-10’4 m for the soils were obtained, respectively
(Table 5).

After the tracer test, the experimental procedure included the
following steps: (i) column equilibration (5 PVs) with the same water
used for the BWD suspension preparation (namely, DIW or RW); (ii)
injection of BWD particles suspended either in DIW or in RW (10 PVs);
(iii) first flushing (10 PVs) with the background water; (iv) second
flushing (10 PVs) with DIW; (v) last flushing (10 PVs) with 3 mM NaOH
solution to force the mobilization of possible reversibly attached
particles.

All experiments were performed injecting the solutions and suspen-
sions with a peristaltic pump, with top-to-bottom configuration, at three
different injection rates (0.56, 1.07, 1.93 mL/min), corresponding
respectively to Darcy velocities q; = 4.01, qo = 7.66 and q3 = 13.82 m/
d, which were maintained constant for the entire duration of the
experiment.

During the tests, the column outflow was collected using a fraction
collector (3 samples per PV). Based on particle characterization, iron
was identified as the main metal tracer of BWD, thus the particle con-
centration was determined measuring the magnetic susceptibility of the
collected samples, thanks to the linear relationship between concen-
tration and susceptibility [38]. The calibration curve is reported in
Supporting Information in Figure S2. More specifically, the BWD
breakthrough curve was determined by measuring the magnetic sus-
ceptibility of the aqueous samples of the fraction collector using an MS2
magnetic susceptibility sensor (Bartington Instruments — UK). The con-
centration profiles (mass of particles per unit mass of porous medium as
a function of the position along the column) were determined following
two approaches. First, the profile was determined at the end of each
injection step of the test using a core logging susceptibility sensor
(Bartington Instruments — UK), positioned coaxially to the column and
moved along it for recording the susceptibility with a space interval of
1 cm (Fig. 1(a)). An algorithm was used for the spatial decorrelation of
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Fig. 1. Experimental setup for BWD transport tests — (a) saturated conditions; (b) unsaturated conditions.
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the raw signal [38]. Additionally, at the end of the test the column was
extruded and divided in 1 cm-long sand aliquots. The samples were then
suspended in 5mL of DIW and sonicated for 10 min to promote
detachment of retained particles. The supernatant was then analysed
with the sensor, and a scale factor was applied to convert the suscepti-
bility measured by the core sensor into BWD mass in each sample and,
being the sand mass known, into BWD concentration in solid phase. The
scale factor was obtained by imposing equal total BWD mass retained in
the column for the concentration profile measured by the susceptibility
sensor at the end of the column test and obtained from column
dissection.

2.2.2. Column transport tests in unsaturated conditions

The same procedure detailed for saturated columns was adopted for
the preparation of the sand-packed columns used for the unsaturated
transport tests and for the determination of porosity and saturated hy-
drodynamic dispersivity (Table 5). Conversely, for the transport tests
performed in standard soils, the columns were packed dry: 30 g of dry
soil were introduced and compacted with a pestle layer by layer until
reaching a column height of 10 cm. After packing, an upward flux was
established at a rate lower than 0.15 cm/min using a peristaltic pump
(Ismatec ms-4/06 Reglo — USA) until soil saturation [39], followed by
downward flushing with deionized water at the same rate until
removing all the residual mobile soil colloids from the column. The flow
was maintained until the outflow was visibly clear. The tracer test in
saturated conditions was then performed.

After the saturated tracer test, the columns were drained by gravity
until field capacity was reached. During drainage, the released water
was collected and weighted, obtaining a measure of the gravitational
water. Once desaturation was completed, steady state (unsaturated)
flow was re-established by feeding the columns at fixed flow rate (either
qs or qs for sand-packed columns, qs for soil-packed columns, depending
on the test). Both inlet (top) and outlet (bottom) of the column were
attached to the peristaltic pump to ensure a water extraction with the
same inlet flow rate. In this way, a constant water content vertical
profile was guaranteed at steady state.

A second tracer test in unsaturated conditions was then run to
determine water content and unsaturated dispersivity, estimated via
least-squares fitting of the BTC to the classical advection-dispersion
equation (2) in unsaturated porous media using Hydrus 1D [40]:

Hac[ —u ¢, dc,
8t - unsatq 0x2 q 6x

(2)
where aynsq; is the dispersivity in unsaturated conditions [L], and 6 is the
volumetric water content [-].

Average water content of 0.28 and average unsaturated dispersivity
of (5.10 + 1.4)-1072 m for the sand, and of 0.31 + 0.01 and of (8.5
+ 2.1)-1073 m for the soils were obtained, respectively (Table 5).

The experimental procedure of BWD transport tests in unsaturated
conditions followed the same protocol adopted for saturated columns,
except for the flushing with NaOH, which was not performed. Also, the
breakthrough curves and the profiles of retained particles were deter-
mined following the same approach previously described. A scheme of
the experimental setup is illustrated in Fig. 1 (b).

2.2.3. Numerical modelling of BWD transport

The particle transport in porous media is usually modelled by a
modified advection-dispersion equation, that for one-dimensional ho-
mogeneous systems can be written as [41,42]:

dc 0s #c Jc

O~ +ppy =aq-5 —q-
(Z& Jat 0x 0x 3
s
prgg =S (e.0)

where c is the colloid concentration in the liquid phase [ML’S], s is the
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colloid concentration retained on the solid phase [MM’l], pp is the bulk
density of the solid matrix [ML~3], a is either the dispersivity in satu-
rated conditions (asq) or unsaturated conditions for the given 0 (aynsqr)-
The second equation describes the mass exchanges between the liquid
and the solid phase with a generic formulation f. In this work, a quali-
tative analysis of the shape of BWD breakthrough curves suggested the
mechanical filtration to be the dominant process along with reversible
deposition controlled by physical-chemical interactions. Thus, two
concurrent interaction sites were considered, corresponding to an irre-
versible (site 1) and reversible (site 2) linear deposition, respectively:
pbaaitl =nkqiC
@

0s
pbﬁ_tz = nkq2¢ — ppkaas

where k,; and kg; are, respectively, the attachment and detachment
coefficients for the i-th site [T ].

For tests in saturated conditions, the particle transport parameters
were obtained by fitting the results of the part of the BTC corresponding
to the injection and first flushing using MNMs 2021 (www.polito.it
/ricerca/groundwater/it/software/mnms) [37] using space and time
steps respectively equal to Ax = 0.0005 m and At = 2 s. The transport
equation under unsaturated conditions was solved using Hydrus 1D [40]
with space and time steps respectively equal to Ax = 0.001 m and
At=1s.

3. Results and discussion
3.1. Characterization of BWD

The complex materials and properties of brake system components,
combined with their exposure to high-energy conditions during braking
(which can alter the original structure and chemistry of the resulting
wear particles) make precise physical and chemical characterization of
brake wear dust inherently challenging. Additionally, associated with
BWD properly called, traces of resuspended road material and tire wear,
along with unknown bulk frictional materials and uncontrolled driving
patterns, are likely to be present. Since the primary aim of this study is to
examine the transport behavior of BWD in a saturated porous medium
that mimics an aquifer system, the chemical and dimensional charac-
terization serves as a crucial starting point for evaluating the main
hazardous components and their dimensions, which could pose envi-
ronmental risks. In this section, the main results from SEM/EDS, Raman
spectroscopy, and ICP-MS analyses are reported and discussed.

3.1.1. SEM/EDX

Electron microscopy analysis of BWD allowed a direct comparison
between the morphology (size and shape) and chemical composition of
the sample. The particles showed a highly heterogeneous morphology
(Fig. 2), characterized by the predominance of fine particles associated
with the presence of some coarse irregular ones, which sometimes occur
in the form of aggregates. Previous studies suggest that coarse irregular
particles usually form as a result of abrasion and fatigue wear of brake
components [43]. Angular pieces with sharp edges are less frequent. The
predominant fine particles, most likely generated by thermal and/or
chemical processes [13,44], showed a quite widespread trend of
agglomeration/aggregation to form larger clusters. Despite the hetero-
geneity in morphology, a common characteristic of fine particles is their
tendency to have fewer sharp edges and an almost spherical geometry.
Single, non-agglomerated, particles are rare and very small.

The results of dimensional analysis, performed on SEM images using
the software ImageJ, were used to create a number size distribution
curve, available in Supporting Information (Figure S 3). The ds¢ and dgo
resulted equal to 0.7 and 3.35 pm, respectively, with a peak at 0.55 pm.
Consequently, the BWD characterized in this study represents a
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Fig. 2. SEM images of water suspended BWD dried on polycarbonate membrane at (a) 100 mm and (b) 10 mm magnification.

prominent source of PM; 5 for the atmospheric domain and a potential
risk for subsurface environments when reached. These results are
consistent with the previous study of lijima et al. [45], who found an
unimodal number distribution of airborne brake wear particles, with
peaks in the range 0.8-1 pm.

The elemental composition from EDX analysis (Figure S 4 and
Table S 2) performed over 5 images, for a total of 15 spectra, revealed
that Fe was predominant (35.5% + 17.8 %), followed by oxygen
(27.3 % + 3.0 %), carbon (33.7 % =4 20.6 %) and silica (2 % + 2.5 %).
Other elements were found at contents lower than 2 % (Cu, Mg, Al and
Ba). All detected elements are present in the constituents of pads and
discs [43] and have been widely associated in the literature with brake
wear [46,13,47,45,9,23]. The predominance of Fe among metals may
result from abrasion of the disc, which is mostly made of cast iron [16].
Additionally, low metallic (LM) and semi metallic (SM) brake pads wear
could represent a source of Fe particles, especially in oxidized form [1,
44]. Carbon is expected to be present in brake wear particles because of
the use of graphite as a friction modifier, in addition to the organic resins
used as adhesive [43]. In general, most of the particles had Fe- and
O-rich compositions, with variable C. In some cases, Si and O were the
main components; in those cases, contamination of the original BWD
could be attributed to the resuspended soil/road dust, as justified by the
BWD sampling procedure adopted in this study. In general, the particles
were found very heterogenous in terms of size, shape and composition,
as evidenced by the high standard deviation of EDX analysis.

3.1.2. Raman

Raman analysis results are summarized in the pie chart in Fig. 3,
illustrating the chemical composition of BWD. The details on the data
processing are provided in the Supporting Information. The analysis
confirmed the presence of iron compounds as main indicator of BWD,
especially in its oxidized form (i.e., hematite and goethite). These results
support previous findings in the literature, which showed that the con-
tact surface between the brake pad and the disc is covered by a third
body, mainly composed of iron oxides, that can be released as debris
during and after braking actions [13,17]. Moreover, several studies
report that Fe oxides/hydroxides are abundant in brake pads exposed to
air and humidity over long periods [3].

Magnesium oxide, used as material for brake lining fillers, reacts
with iron oxide to form magnesioferrite (MgFe;04). Iron sulphide may
be associated with the presence of iron sulphides-coated steel fibres in
the brake pad, which have shown improved stability to withstand the
temperature at the pad-disc interface [48]. Graphite is used as a lubri-
cant to reduce noise and enhance friction stability: its presence in BWD
was confirmed by Raman analysis, in accordance with Peikertova et al.

Fe-hydr/oxide
(Goethite,
Hematite,
Lepidocrocite)
45.8%
Unknown
14.6% \
\\Fe compounds
S 60.4%
Quartz,
Calcite,
Albertite
and
other
22.9%

Fe-sulfide
8.3%

=

Magnesioferrite
6.3%

Fig. 3. Chemical composition of BWD derived from the analysis of
Raman spectra.

[49]. Conversely, the presence of other phases in wear debris like quartz,
calcite and albertite must be attributed to road dust contamination [50].

3.1.3. ICP MS

The metal content of BWD was characterized using ICP-MS. Twenty-
three metals were detected, with Fe (90.58 %), Cu (3.93 %) and Zn
(2.28 %) being most abundant, which aligns with findings by most re-
searchers in the brake lining. The remaining 3 % consists of other sec-
ondary metallic elements. A complete characterization of the metals in

Table 1
Results of inductively coupled plasma mass spectrometry (ICP-MS) analysis of
BWD metals.

Element mg/kg Element mg/kg Element mg/kg
Al 2500 Cr 880 Se 5
Sb 5 Fe 346000 Sn 2900
As 31 Mn 1700 Tl 1
Ba 3500 Hg 0.55 Te 5
Be 5 Mo 230 Ti 150
B 12 Ni 260 \ 38
Ccd 1 Pb 38 Zn 8700
Co 27 Cu 15000
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BWD is reported in Table 1.

3.2. Column transport tests in saturated conditions

Fig. 4 reports the first part of the BTCs of BWD particles injected in
saturated conditions, including particle injection and the first flushing.
The complete experimental BTCs, including the second flushing and the
NaOH flushing periods, are illustrated in SI (Figure S 5). The preliminary
column equilibration is omitted in all graphs. BTCs are plotted as
normalized concentration (c/cp) as a function of PV under different
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experimental conditions of water composition and flow velocity.

The column experiments exhibited relatively standard colloid
transport behaviour: the breakthrough of the BWD particles reached a
steady state plateau during the injection phase, with an outlet concen-
tration (c) always lower than the inflow suspension concentration (cp).
The shape of the breakthrough curves, and in particular the plateau at ¢/
cp values much lower than one, suggests that the main retention process
is the mechanical filtration of aggregated brake wear particles. Me-
chanical filtration is often assumed to be an irreversible mechanism,
which excludes the potential remobilization of particles by changing the
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Fig. 4. (a) Breakthrough curves (BTCs) of column transport tests reported as normalized concentration C/Cy as a function of the number of injected pore volumes
(PVs), at different flow velocities (q; < g2 < q3). Experimental data (point values) and modelled curves (lines) are illustrated in blue when BWD is suspended DIW, in
red when BWD is suspended in RW. (b) Experimental spatial profiles (SPs) reported as mass of deposited particles per unit mass of sand (mg/g) at the end of each
stress period, for BWD suspended in DIW (first row) or in RW (second row), according to the flow velocities (q; < q2 < q3).
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water chemistry. However, the breakthrough curves show an evident
tailing during the flushing, suggesting the concurrent reversible depo-
sition of particles following physical-chemical particle-collector in-
teractions [51,52]. This agrees with the observed release peak of
deposited particles following changes in water chemistry (Figure S 5), in
particular after injection of NaOH, which is expected to increase
repulsion among particles (thus partly breaking aggregates) and be-
tween particles and sand grains (thus promoting release).

Under water-saturated conditions, the BWD effluent concentrations
progressively increased with increasing flow rate. At the slowest Darcy
velocity of 4.01 m/d (q;), BWD effluent concentrations reached a
maximum relative concentration of nearly 0.20 when pore water was
DIW, and 0.13 in RW. At higher pore water velocities of 7.66 and
13.82 m/d, greater breakthrough was achieved, with effluent concen-
trations reaching 26 % (DIW) and 17.05 % (RW) of the influent con-
centration for gz = 7.66 m/d, and 35.64 % (DIW) and 26.53 % (RW) of
the influent concentration for q3 = 13.82 m/d. Fig. 4 also shows that
under the same flow velocity, deposition phenomena inside the column
are favoured by RW as dispersing solution, since the higher ionic
strength acts to screen repulsive electrostatic forces, in accordance with
DLVO theory [53-55].

All retention profiles (Fig. 4 (b)) exhibited a hyper-exponential
shape. For tests conducted using DIW as dispersant fluid (Fig. 4 (b) —
first row), increasing the flow rate resulted in more limited BWD
deposition, especially in the first centimeters of the column. For the
intermediate and highest flow rates, which resulted in evident release
peaks following NaOH injection (Figure S 5), the profiles also show that
flushing with NaOH promoted the detachment predominantly in the first
centimeters of the column, where most particles were retained, with
minimal release at longer distances and no evident re-location of the
particles along the column. In contrast, experiments conducted using
RW (Fig. 4 (b) — second row) showed a different behaviour: even if the
mass balances (Table 2) and breakthrough curves indicate that less
particles are retained at higher velocity, similarly to tests conducted in
DIW, for particles dispersed in RW increasing flow velocity resulted in a
greater mass of brake wear dust deposited in the first few centimetres of
the column, with consequently steeper profiles. Flushing with NaOH
resulted, particularly for the highest velocity, in both a (limited) release
of deposited particles (as indicated by breakthrough curves, see Figure S
5) and their re-location along the column.

The part of the breakthrough curves corresponding to the BWD in-
jection and the first flushing were modelled using equations (3) and (4)
using the software MNMs 2021 as described in the Methods section. Two
concurrent interaction sites were used, namely site 1 (linear irreversible
deposition) modelling mechanical filtration, and site 2 (linear reversible
deposition) modelling physical-chemical attachment. The agreement
between the fitted and experimental curves (Fig. 4 (a)) is good in all
cases, as evidenced also by the coefficients of determination R? always
higher than 0.95, and confirms the accuracy with which kinetic rates,
presented in Table 3, could be estimated. All deposition and release

Table 2
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Table 3

Column transport tests in saturated conditions: fitted attachment/detachment
coefficients (kq,1, kq 2 and kg 2), porosity (n), dispersivity in saturated conditions
(@5 and coefficient of determination R* of the two-site transport model for
different pore water velocities (¢; < g2 < q3) and pore water (DIW, RW).

Parameter q; q2 qs3
DIW RW DIW RW DIW RW
Site1 ko7 7)) 2.0-107°24-.10229-10239-10°37-10°%43.103
Site2 k.o (s™)) 1.4-107°27-10%20-10°77-10%3.0-10°8.0-10"*
kio (s 33:10°22.10°50-10°37-10°6.1-107° 43-107°
n() 0.37 0.38 0.39 0.43 0.4 0.48
O (m) 1.7-10°1.3.10°1.0-10° 1.3-10° 1.0-107> 1.7-107®
R%() 0.99 0.96 0.98 0.99 0.97 0.99

kinetics clearly depend on both ionic strength and flow rate. An increase
in both attachment and detachment rates with the Darcy velocity was
observed regardless of pore water chemistry, coherently with the liter-
ature [56,57]. At the same flow velocity, a higher ionic strength (RW)
resulted in higher values of kg ;, indicating a more pronounced me-
chanical filtration in RW likely associated to more aggregated BWD. The
reversible attachment and detachment rates, k, 2 and kg 2, are both lower
in RW compared to DIW, suggesting a lower impact of physical-chemical
phenomena compared to mechanical filtration in this set of tests.

3.3. Column transport tests in unsaturated conditions

Fig. 5 shows the BTCs of the two tests performed injected BWD
suspensions in sand-packed partially saturated columns. The experi-
mental data of the overall BTCs are reported in Figure S 6 in SI.

The shape of the BTCs was very similar to those obtained under
saturated conditions, showing, also in this case, the predominance of the
mechanical filtration phenomenon. At lower pore water velocity (q;),
lower breakthrough was achieved, with effluent concentrations reach-
ing 30 % of the influent concentration. When the flow velocity was the
highest tested (q3), the plateau value of the BTC reached 0.44. An
asymmetry between the rise and fall of dimensionless concentration
over time is observed. The smoother tail indicates a detachment of
particles weakly deposited on the porous medium surface.

Compared to the respective saturated conditions test, under the same
injection flow rate and mass of BWD, the lower saturation leads to
greater contaminant mobility in the same porous medium. It is known
from the literature that several mechanisms collectively contribute to
the observed behavior whereby particles may move more effectively in
unsaturated media compared to fully saturated media: under unsatu-
rated conditions, where grains are surrounded by a thin film of water,
colloidal particles are often immobilized by capillary forces, but, as the
water films expand or move through the porous medium, these same
capillary forces can facilitate the detachment and transport of particles
along with the shifting liquid-gas interfaces [58].

The spatial profiles of the BWD mass deposited per unit mass of the

Column transport tests in saturated conditions: mass balances after injection, first and second flushing, and NaOH flushing, reported according to the flow velocity and
the dispersing water used for each test. Comparison (relative change) between deposition percentage resulting from BTCs (Mpy;-Mprc) and SPs (Mpgp) analysis.

q1 q2 q3
Stress period Pore water Min;-Mgrc Mpgp Relative change Minj;-Mgrc Mpgp Relative change Miny-MgTc Mpgp Relative change
(%) (%) (%) (%) (%) (%) (%) (%) (%)
After ini DI 81.48 60.63  25.59 78.22 6479  17.17 69.41 67.41  2.88
J- RW 89.33 7740 13.35 86.59 51.84  40.13 77.59 4954  36.15
After 1° flush DI 79.91 86.75 857 74.59 67.74 9.8 63.07 63.03  0.06
. RW 86.95 82.23 543 84.62 5612 33.68 74.61 5216 30.09
After 2° flush DI 79.91 88.08  10.22 74.59 6691  10.29 63.07 6272  0.56
. RW 86.86 8157  6.09 84.62 5376  36.47 74.35 56.04  24.62
DI 79.72 91.44 147 74.00 6693  9.55 61.49 6047  1.66
After NaOH flush.
ter NaOH flus RW 86.67 78.48  9.45 82.95 6179  25.51 73.47 69.95  4.80
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Fig. 5. Unsaturated tests in sand: (a) Breakthrough curves (BTCs) of column transport tests reported as normalized concentration c¢/cy as a function of the number of
pore volumes injected, divided in two graphs according to the corresponding flow velocities (q; < g3). The experimental data are shown as points, and the modelled
curves as lines. (b) Experimental spatial profiles (SPs) reported as deposited particles per unit mass of sand (mg/g) along the columns at the end of each stress period,

according to the flow velocities (q; < g3).

porous medium are shown in Fig. 5 (b). The profiles showed a decline
along the columns, which was more pronounced at higher flow rate.
Moreover, the impact of the flushing on the retained concentrations is
more pronounced compared to saturated tests: in unsaturated condi-
tions, after flushing the concentration profile lowers and is partly shifted
toward larger distances from the column inlet, as a consequence of a
partial BWD release (as evident in the tailing of the breakthrough curve)
and re-location in the column. The mass balances (Table 4) coherently
show a decline in the retained BWD mass with flushing steps.

Two standard soils (LUFA 2.2 and LUFA 2.4) were finally tested for
BWD transport under unsaturated conditions, at the highest flow ve-
locity g3, mimicking the possible behaviour of the particles in top-soils
(Fig. 6). The experimental data of the overall BTCs are reported in
Figure S 6 in SI. In the sandy soil (LUFA 2.2), particle mobility is still
evident, albeit reduced compared to sand at the same flow rate.
Conversely, in the clayey loam (LUFA 2.4), a complete deposition of

Table 4

BWD particles is observed, resulting in no breakthrough during the test.
The soil LUFA 2.4 is characterized by a fine texture and high clay con-
tent. The fine pores in clayey loam soils can physically trap larger par-
ticles and aggregates, preventing their movement through the soil
matrix. Moreover, clayey loam soils have a large specific surface area
and a high cation exchange capacity (CEC), both of which can contribute
to the strong retention of finer particles. Consequently, spatial profiles
showed a hyper-exponential shape, with high particle concentrations
particularly within the initial centimetres of the column (Fig. 6(b)). In
general, the shape of the spatial deposition profiles is consistent with
strong mechanical filtration, especially in the first section of the porous
medium. This behavior is valid for both soils, and the results obtained
complement the BTCs. Moreover, in these tests no evident release of
particles was promoted during flushing, as evidenced by the almost
unaltered concentration profiles at the end of injection and after the two
flushing steps and confirmed by mass balances (Table 4). This finding

Column transport tests in saturated conditions: mass balances after injection, first and second flushing, reported according to the flow velocity and the porous medium
used for each test. Comparison (relative change) between deposition percentage resulting from BTCs (Mjn;-Mprc) and SPs (Mpgp) analysis.

q; Dorsilit 8 q3 Dorsilit 8 qs LUFA 2.2 qs LUFA 2.4

Stress period Miny-Mptc Mpgp Rel. change Mins-MpTc Mpgp Rel. change Mmny-Mptc Mpgp Rel. change Mins-Mprc Mpep Rel. change
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

After inj. 75.06 51.26 31.71 64.91 73.5 13.23 83.73 57.10 31.80 99.73 57.16 42.69

After 1° flush. 63.43 38.62 39.12 56.1 60.39 7.64 82.35 56.51 31.38 99.73 59.42 40.42

After 2° flush. 55.27 53.91 2.45 82.16 57.22 30.35 99.73 60.86 38.98
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Fig. 6. Unsaturated tests in soils: (a) Breakthrough curves (BTCs) of column transport tests reported as normalized concentration c/cy as a function of the number of
pore volumes injected, divided in two graphs according to the corresponding flow velocities (q; and q3). The experimental data are shown as points, and the modelled
curves as lines. (b) Experimental spatial profiles (SPs) reported as deposited particles per unit mass of soil (mg/g) along the columns at the end of each stress period,

according to the flow velocities (q; < g3).

suggests a minor contribution of reversible physical-chemical attach-
ment to particle retention in the column, contrary to the tests performed
in sand-packed unsaturated columns, where the lowering of the con-
centration profiles with column flushing was symptomatic of a non-
negligible reversible attachment.

Similarly to saturated column tests, also for unsaturated tests the
experimental BTCs were modelled to equations (3) and (4) considering a
linear irreversible and a linear reversible retention mechanisms
(Table 5). The fitting was satisfactory in all cases, with coefficients of

Table 5

Column transport tests in unsaturated conditions: fitted attachment/detachment
coefficients (kq, 1, ko2 and kg ), porosity (n), dispersivity in saturated and un-
saturated conditions (asq and aynsq respectively), water content (0) and coef-
ficient of determination R? of the two-site transport model for different pore
water velocities (¢; and q3) and porous media (Dorsilit 8, LUFA 2.2 and LUFA
2.4).

Parameter q1 qs
Dorsilit 8 Dorsilit 8 LUFA 2.2 LUFA 2.4
Sitel  kyp (7)) 1.36-10° 3.33-10° 7.24.10° nd
Site2 koo (57D 1.8-1072 3.5.1072 8.59-10"° nd
kao 571 1.4-1073 7.0-1073 1.0-1072 nd
n(-) 0.37 0.38 0.35 0.39
unsat (M) 6.1-1072 41-10°2 7-.1073 1.0-1072
tar () 1.7-1073 1.0-1073 35.107* 6.5-107*
6() 0.28 0.28 0.3 0.32
R? () 0.91 0.93 0.94 nd

determination R? always higher than 0.90.

The attachment and detachment coefficients increase with velocity,
as previously observed for saturated tests. The fitting parameters ob-
tained for tests under partial saturation in sand are of the same order of
magnitude as those obtained for saturated tests. Specifically, the
attachment coefficient for the irreversible site (kg ;) is higher in satu-
rated conditions compared to unsaturated conditions at both flow rates,
coherently with the lower plateau observed in the breakthrough curves
for saturated conditions compared to unsaturated ones. The higher
particle retention in LUFA 2.2 soil compared to sand, at the same ve-
locity, results in higher values for the attachment and detachment
coefficients.

The modelling work evidences the importance of incorporating both
irreversible and reversible retention mechanisms to accurately predict
particle behaviour in unsaturated media. This approach helps capture
the complex interplay of factors that govern contaminant transport,
highlighting the necessity for detailed soil characterization when
assessing environmental risks. Future research should focus on refining
these models and exploring the implications of these findings across a
broader range of soil types and environmental conditions.

3.4. Implications for field-scale conditions

The results of the column transport tests herein presented provide
useful insights into the potential key factors and mechanisms controlling
BWD mobility in soils and groundwater also at field scale. Even if the
results obtained in laboratory-scale transport tests cannot be directly up-
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scaled to the field in quantitative terms without a validation with field
data, this study aims at setting a first step in the understanding of the key
mechanisms controlling the transport in porous media of BWD, paving
the way for further investigations at larger scales.

It is evident from the laboratory results that the soil can act as a filter
toward the leaching of BWD into the subsoil. On the one hand, soil
composition and texture play a critical role in particle retention: clay-
rich soils can exhibit almost complete particle deposition, significantly
contributing to limit BWD leaching to deeper soils and ultimately
groundwater. On the other hand, BWD can move more readily and have
a greater transport capacity in coarser unsaturated soils compared to the
saturated zone, which they may reach and continue to migrate: the
vadose zone may serve as a region where the BWD demonstrates
considerable mobility, thus posing possible environmental risks. Un-
derstanding the potential for BWD leaching in these environments is
vital, especially to identify the scenarios where soil filtration mecha-
nisms might fully capture BWD particles, and those in which this is not
possible. All in all, the presented laboratory results substantiate the
feasibility of contaminant migration from the ground surface to the fully
saturated zone, attributable to the enhanced mobility within the un-
saturated subsurface. However, additional investigations are still
needed to further determine the mechanisms governing the deposition
and transport of BWD particles in unsaturated sand.

The role of the top-soil as a filter has a duplex environmental
implication: fine soils can prevent groundwater pollution, retaining
most particulate emitted by road traffic, but this phenomenon can lead
to the accumulation of such particles in the soils in vicinity to roads and
in urban area. This aspect is critical for non-exhaust emissions due to
their content in heavy metals, as already evidenced by previous litera-
ture studies.

Finally, it is worth highlighting that the substantial absence of reg-
ulations by governmental agencies on estimation, characterization and
limitation of brake wear dust emissions further contributes to making
them an environmental concern. The upcoming Euro 7 standards will
introduce specific limits for brake and tire particulate emissions, based
on the Global Technical Regulation 24 (GTR 24) [59]. In particular, Euro
7 emission regulation sets a limit for brake non-exhaust PM10 emissions
at 7 mg/km per vehicle during standard driving cycles. This limit will
remain in place until December 31, 2034, and will be reduced to
3 mg/km per vehicle starting January 1, 2035 [60]. GTR 24 also sets
standardized procedures for measuring brake emissions in light-duty
vehicles, utilizing brake dynamometers under the WLTP-Brake test
cycle [61]. In contrast, tire particulate emissions pose an additional
challenge due to their strong dependence on road surface interaction,
leading to considerable variability in emission factors even under
comparable driving conditions. The need of establishing standard
methodologies to verify and limit such emissions has been evidenced by
the literature in terms of air pollution, and this work aims at evidencing
its relevance also in terms of groundwater quality protection.

4. Conclusions

Numerous research studies have already confirmed braking of cars to
be a potential source of both airborne and non-airborne particulate
emissions because each forced deceleration through friction brake re-
leases wear particles. Conversely, a challenging and almost neglected
area in the field of non-exhaust emissions is the understanding of the
potential impact of BWD on the subsurface environment. The fate of
brake wear particles, once emitted in subsoil, is almost not known yet.
This study for the first time investigates the transport mechanisms of
BWD, modified with humic acids commonly present in the subsoil, in
saturated porous media mimicking sandy aquifers and unsaturated
porous media mimicking the top-soil and unsaturated zone.

Our results show that HA-coated brake wear particles can be mobile
in the subsoil, since they exhibit non-negligible transport in laboratory
column tests. In particular, the experiments highlighted the crucial role

10
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of the soil as first filter against leaching of BWD particles in the unsat-
urated zone and in groundwater.

Our experimental results also suggest that BWD transport in both
silica sand and in real soils is affected by the physical-chemical in-
teractions with the solid matrix (in turn influenced by ionic strength of
the dispersing water) and by mechanical filtration, thus implying that if,
on the one hand, larger particles may be retained by the soil, finer
particles may migrate and leach toward groundwater following rain
events. Moreover, changes in water geochemistry, e.g. pH increase, can
lead to remobilization of already deposited particles.

Research on the environmental behavior of BWD in porous media,
such as natural soils, remains crucial due to the potential environmental
impact of these particles. Continuation of these studies is necessary,
particularly to understand the dynamics of BWD mobility in unsaturated
porous media, reproducing as close as possible the conditions found in
the top-soils and in the vadose zone.

Moreover, a key area for future research is the role of BWD as a
carrier for other pollutants. Given the high iron oxide content in brake
wear dust and its well-documented adsorption capacity, BWD could
potentially transport other hazardous substances through porous media.
This could exacerbate the environmental impact, as pollutants bound to
BWD particles may be more mobile and persistent, leading to broader
contamination of soil and water systems. Understanding how BWD in-
teracts with different soil types, moisture levels, and other environ-
mental factors is essential for predicting and mitigating the long-term
environmental risks associated with these particles, both as contaminant
themselves and as potential carriers of other molecules.

In conclusion, a comprehensive understanding of BWD in both
saturated and unsaturated porous media is critical for developing
effective strategies to manage its environmental fate. This work estab-
lishes a first step in the understanding of the key phenomena controlling
subsurface mobility of BWD. By focusing on the interplay between BWD
and other pollutants, as well as the mechanisms of leaching and trans-
port in different soil types, researchers can better predict the behavior of
these particles and propose measures to protect soil and water resources
from contamination.

Environmental implication

Brake wear dust (BWD) is a major non-exhaust emission (NEE) in
urban areas, accounting for 16-55% of road traffic PM10. The
increasing adoption of heavier electric vehicles exacerbates BWD
emissions, despite reductions in exhaust pollutants. BWD particles,
generated through frictional wear of brake pads and rotors, are chemi-
cally diverse and can act as carriers for other contaminants, posing risks
to soil and water systems. However, the environmental fate and trans-
port of BWD remain poorly understood, creating a critical knowledge
gap. Addressing this gap is essential for evaluating its potential negative
effects on urban ecosystems and developing effective mitigation
strategies.
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