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ARTICLE INFO ABSTRACT

Keywords: Wear microparticles are produced on roads by traffic, and they can be transferred to rivers and
Wear microparticle seas settling as sediments. The sedimentation rate increases with increasing particle density and
Road dust

size. In this study, the types and amounts of high-density wear microparticles (HDWPs, >1.8 g
em ™) in road dust were investigated. The HDWPs ranging from 106 to 1000 pm were classified
into eight categories depending on the color, shape, and physical property: mineral particles
(MPs), asphalt pavement wear particles (APWPs), glass particles (GPs), glass beads (GBs), tire-
road wear particles (TRWPs), plant-related particles (PRPs), road paint wear particles (RPWPs),
and plastic particles (PPs). The HDWPs in road dust were the most abundant in winter (94.0-95.6
wt%), while being the lowest in spring (82.7-90.7 wt%). MPs accounted for over 50 wt% of the
HDWPs; however, TRWPs were not found in HDWPs larger than 200 pm. The HDWPs produced
by the abrasion of roads, including asphalt pavements and marking paint, exceeded 90 wt%. The
non-crosslinked organic components in the HDWPs were removed by chloroform treatment. The
chloroform-soluble components in the HDWPs were much more present in winter than in other
seasons. Swelling TRWPs with chloroform released mineral particles on the surface.

Asphalt pavement road
High density
Bitumen

1. Introduction

Globally, 90 % of paved roads use asphalt as paving material [1-3]. Generally, aspahlt pavement consists of over 95 wt% of ag-
gregates, binders, and modifiers [4-7]. Because road markings must be visible to drivers even when driving at night, glass beads are
mixed with road marking paint for retroreflection [8,9]. While driving, abrasion of roads and tires occurs due to the friction between
the tire tread of the vehicle and the pavement surface to produce various wear particles, such as mineral particles (MPs), asphalt
pavement wear particles (APWPs), glass particles (GPs), glass beads (GBs), tire-road wear particles (TRWPs), plant-related particles
(PRPs), road paint wear particles (RPWPs), and plastic particles (PPs) [10-14].

These wear particles can exist in microscopic sizes, and can cause air, terrestrial, and aquatic environmental pollution by floating in
the air or through water flows, such as rainwater or runoff [10,15-18]. Further, they exhibit different density ranges [11-13]. MPs,
whose densities are >1.8 g cm™3, are the most abundant particles in road dust, whereas PRPs and PPs are found in a wide range of
densities >1.1g cm™3. TRWPs, APWPs, and RPWPs have densities of greater than1.2,1.4,and 1.6 g em ™3, respectively, while GPs and
GBs have densities >1.6 g cm ™. Road dust can be transferred to rivers and seas, where they settle as sediments, and the sedimentation
velocity of a particle is proportional not only to its density but also to its size [19-22].

Bitumen used for asphalt pavement as a binder contains polycyclic aromatic hydrocarbons (PAHs) which in turn can be released
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Fig. 1. Map of the sampling site.

from bitumen to the environment [23-25]. Since APWPs contain bitumen component, PAHs can be released from APWPs to the
environment. Tire wear particles (TWPs) contain potentially harmful chemicals such as benzothiazole (BTH), benzotriazole (BTR),
N-(1,3-dimethylbutyl)-N"-phenyl-1,4-phenylenediamine (6PPD), diphenylguanidine (DPG), and their derivatives, which can also be
released to the environment [26-28]. Hence, the accumulation of APWPs and TRWPs in river and sea as sediment may result in the

continuous release of toxic chemicals to the aquatic ecosystem.

Wear particles with high density can easily sink in water to form sediment, since their sedimentation rates are greater than those
with lower density. Thus, researches on the types and amounts of wear particles with high density in road dust help understand the
sedimentation of road dust in aquatic system. For this reason, in this study, the types and amounts of wear particles with high density in
road dust were investigated. Road dust was collected at a bus stop during four seasons, and was separated by size to select wear
microparticles of 106-1000 pm. The road dust samples with high density (>1.8 g cm~3) were prepared by density separation using an
Nal aqueous solution. The high density wear microparticles (HDWPs) were classified into eight categories (MP, APWP, GP, GB, TRWP,
PRP, RPWP, and PP) using a microscope, and their properties were characterized. Uncrosslinked organic components in the HDWPs,

such as binders and modifiers, were examined by treating them with chloroform.
2. Materials and methods

2.1. Collection and size separation of road dust

Road dust was collected at a bus stop on a six-lane road nearby Sejong University, Republic of Korea (37°32'59.1"N 127°04'32.3'E,
Fig. 1) in the winter (January 14th, 2021), spring (April 14th, 2021), summer (July 14th, 2021), and fall (October 20th, 2021) seasons.
Road dust accumulated between the kerb and road at the bus stop was gathered by sweeping the road surface using a brush and broom,
and then stored in a glass vial. The road dust samples were separated by size using a sieve shaker (Octagon 200, Endecotts Co., UK).
Standard sieves of 1000, 500, 212, and 106 pm were used. Size separation was performed with the interval mode for 20 min. The road

dust samples with size ranges of 106-212, 212-500, and 500-1000 pm were characterized.
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Fig. 2. Particle size distributions of the road dust samples. The squares, circles, up-triangles, and down-triangles stand for the road dust samples
collected in the winter, spring, summer, and fall seasons, respectively.

2.2. Preparation of road dust sample with density higher than 1.8 g cm™>
Road dust samples with density over 1.8 g cm™> were prepared by density separation to obtain the wear microparticles of high
density (>1.8 g cm~3) produced on road. An aqueous solution with density of 1.8 g cm™> was prepared with sodium iodide (Nal, purity:
99.0 %, Ducksan Co., Republic of Korea) and distilled water. The solution density was checked using its weight and volume. The Nal
solution of 50 mL was poured in a beaker with a diameter of 70 mm and a height of 40 mm, the road dust sample was put into the
solution, and then left for 3 h. The particles with density >1.8 g cm ™~ were sunk, whereas the other light particles remained floating.
After removing the particles floated on the aqueous solution, the high density particles were filtered using a filter paper of 70 mm
diameter (Whatman, England), washed with distilled water three times and with ethanol, and then dried at room temperature.

2.3. Classification of types of the wear microparticles

Morphology of the particles in the high density road dust was examined using a digital microscope of DM4M (Leica Microsystems,
Germany). The high density wear microparticles (HDWPs) were classified into the 8 categories of MP, APWP, GP, GB, TRWP, PRP,
RPWP, and PP, depending on the color, shape, and physical property. MPs have a rigid and angular shape, while APWPs are inelastic
and break when pressed. GPs are transparent and angular shape, whiles GBs are spherical. TRWPs are black and elastic particles with
elongated or round shapes. PRPs can be crushed into smaller pieces when pressed. RPWPs are white or yellow color and crumble when
pressed, while PPs are thin and relatively hard.

2.4. X-ray fluorescence (XRF) analysis

The elemental composition of the sample was analyzed using a handheld XRF instrument, S1 Titan 800 (Bruker Co., USA). An Rh
target tube was installed, the spot size was 8 mm, and the GeoExploration method was used. X-rays were examined for 40 s in three
phases: 15 kV (No filter), 30 kV (Ti:25/A1:300 filter), and 50 kV (Cu:75/Ti:25/Al:200 filter). The characteristic X-rays emitted from the
samples were detected by a 20 mm? silicon drift detector (SDD). During the analysis, the instrument was used in a fixed state using a
desktop stand. The element range from Mg to U was analyzed for a total of 120 s. Besides metal components in APWPs, sulfur (S) and
zinc (Zn) components in TRWPs were also analyzed.

2.5. Chloroform treatment

In order to remove uncrosslinked organic components such as bitumen and uncrosslinked rubber chains in the sample, the HDWPs
were soaked in chloroform (Samchun Chemical Co., Republic of Korea). The uncrosslinked organic components-removed sample was
washed with chloroform and dried. The sample weights were 30, 20, and 10 mg for the wear particles of 500-1000, 212-500, and
106-212 pm, respectively. The sample weights before and after the chloform treatment were measured, and the weight difference was
used as the amount of the uncrosslinked organic components in the sample.
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Table 1

Temperature ranges on the road dust sampling date and 7 days before the sampling.
Season Date Temperature range
Winter January 07-14, 2021 —18.6°C-8.3°C
Spring April 07-14, 2021 3.1°C-20.4°C
Summer July 07-14, 2021 23.1°C-33.5°C
Fall October 13-20, 2021 4.2°C-25.2°C

Table 2
Ratios of the wear particles with high density (>1.8 g cm™3) in the road dust samples (Wt%).
Season Wear particle size (pm)
106-212 212-500 500-1000
Winter 94.0 95.6 95.4
Spring 85.7 90.7 82.7
Summer 89.5 91.5 89.6
Fall 86.6 91.9 88.0
[}

MP
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PRP RPWP

Fig. 3. Magnified images ( x 50) of the high density wear particles of 500-1000 pm. The road dust sample was collected in the winter season and
the sample weight in the image was 30 mg. The scale bar is 200 pm.

3. Results and discussion
3.1. Particle size distributions of the road dust samples

The particle size distributions of the road dust samples showed two opposite patterns (Fig. 2). The particle size distributions of the
road dust samples collected in winter (January) and spring (April) decreased as the particle size decreased; however, those collected in
summer (July) and fall (October) tended to increase with an increase in particle size. This significant difference may be due to the
differences in road temperatures. Temperatures were lower in winter and spring than in summer and fall (Table 1). The particle size
distribution of the road dust samples collected in spring displayed a similar pattern to that of the road dust samples collected in winter,
although spring was warmer than winter. This may be because the fatigue that accumulated on the road during the cold season did not
completely recover until spring. Similarly, the road conditions formed during the hot season may be maintained during early fall. The
difference in the particle size distributions indicated that larger particles were generated from the road due to traffic as the temperature
decreased. Road dust is composed of various components including wear particles from tires and pavements and external sources such
as soil [10-14]. Thus, the particle size distribution of road dust is influenced by various factors like traffic conditions, road pavement
conditions, and contribution of the external source [10,36-38].

Wear microparticles with high density (>1.8 g cm™>) (HDWPs) in road dust samples of size 106-212, 212-500, and 500-1000 pm
were selected by the density separation. The ratios of HDWPs in the road dust samples are summarized in Table 2. The ratios of HDWPs
in the road dust samples were higher than 80 wt% (82.7-95.6 wt%). The HDWP ratios were the highest and lowest in the winter
(94.0-95.6 wt%) and spring (82.7-90.7 wt%), respectively. The average HDWP contents in road dust of 106-1000 pm were calculated
by considering the size distribution and each HDWP ratio, and were 95.1 wt%, 85.3 wt%, 90.4 wt%, and 89.1 wt% for the winter,



U. Jung and S.-S. Choi Heliyon 10 (2024) 39724

MP GP GB APWP

212-500 ym ) k w

TRWP PRP RPWP PP

Fig. 4. Magnified images ( x 50) of the high density wear particles of 212-500 pm. The road dust sample was collected in the winter season and the
sample weight in the image was 20 mg. The scale bar is 200 pm.
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TRWP PRP RPWP PP

Fig. 5. Magnified images ( x 50) of the high density wear particles of 106-212 pm. The road dust sample was collected in the winter season and the
sample weight in the image was 10 mg. The scale bar is 200 pm.

Table 3
Distributions of the various wear particles with high density (>1.8 g cm™>) in the road dust sample collected during winter
(Wt%).*
Wear particle Wear particle size (pm)
106-212 212-500 500-1000
MP 56.3 77.6 75.1
APWP 20.0 9.4 6.7
GB 0.4 1.7 10.4
GP 20.7 7.3 0.9
RPWP 0.9 1.7 3.6
TRWP 0.1 trace -
PRP 1.5 1.2 3.3
PP 0.1 1.1 -

@ MP (mineral particle), GP (glass particle), APWP (asphalt pavement wear particle), GB (glass bead), TRWP (tire-road
wear particle), PRP (plant-related particle), RPWP (road paint wear particle), PP (plastic particle).

spring, summer, and fall seasons, respectively. The order of average HDWP content according to the season was winter > summer >
fall > spring. The differences in HDWP ratios during summer and fall were not significant. The HDWP ratios in the road dust samples of
size 212-500 pm were greater than those of size 106-212 and 500-1000 pm.
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Table 4
Distributions of principal elements in the wear particles with high density (>1.8 g cm ™) in the road dust samples (%).
Element

Particle size (pm) Al,O3 SiO, S Fe Zn
Winter
106-212 4.81 27.53 0.24 1.45 0.11
212-500 4.43 32.20 0.20 1.29 0.03
500-1000 3.67 34.85 0.20 2.32 0.02
Spring
106-212 3.38 19.58 0.08 1.26 0.05
212-500 4.86 38.24 0.11 1.18 0.02
500-1000 3.98 24.99 0.07 0.90 0.03
Summer
106-212 4.39 27.87 0.06 1.08 0.04
212-500 4.63 39.66 0.08 1.16 0.02
500-1000 4.28 34.46 0.21 1.02 0.02
Fall
106-212 0.67 3.84 0.07 0.03 0.09
212-500 0.76 4.80 0.06 0.11 0.06
500-1000 0.93 5.23 0.08 0.14 0.03

3.2. Variety of wear microparticles in road dust

HDWPs within the 106-1000 pm size range were meticulously classified under a microscope, as depicted in Figs. 3-5 for the
samples with the size ranges of 500-1000, 212-500, and 106-212 pm, respectively. The types of HDWPs were classified into eight
categories: MP, GB, GP, APWP, TRWP, PRP, RPWP, and PP. The sources of MPs include abraded aggregates used for asphalt pavements
and the inflow of soil from the outside. GPs used as mineral fillers for asphalt pavements exhibit an angular morphology, whereas GBs
present a spherical form, and are used in road marking paint to enhance retroreflection [29]. Both APWPs and TRWPs are black;
however, TRWPs are elastic particles with elongated or round shapes, whereas APWPs are inelastic and break easily under pressure
[11-13]. PRPs originate from plants surrounding the sampling site, and RPWPs result from the degradation of road marking paint due
to traffic. Wear microparticles generated by the abrasion of asphalt pavements include APWPs and large portions of MPs, RPWPs, GPs,
and GBs.

Among the eight types of wear particles, no TRWPs and PPs were present in the road dust sample of size 500-1000 pm (Fig. 3). The
distributions of HDWP types in road dust samples collected during winter are summarized in Table 3. MPs were the most abundant
particle type because they originate from the abrasion of road pavement and the inflow of soil components from the outside. The
distribution of MPs increased with increasing particle size. The distribution of APWPs notably decreased from 20.0 wt% to 6.7 wt%
when the particle size increased from 106 — 212 pm to 500-1000 pm. The distribution of GBs significantly increased from 0.4 wt% to
10.4 wt% as the particle size increased from 106 — 212 pm to 500-1000 pm, whereas that of GPs largely decreased from 20.7 wt% to
0.9 wt%. These different results can be explained by the size of the GBs used for retroreflection and the source of the GPs. The GBs used
for road marking paint have a relatively wide size range, from 20 mesh (850 pm) to 100 mesh (150 pm), and GPs with relatively large
particle sizes are mainly used. Because wear particles of GPs used as asphalt pavement fillers are generated by abrasion of the
pavement road, their size becomes smaller due to friction between the road surface and the tire tread. The distribution of RPWPs
increased from 0.9 wt% to 3.6 wt% when the particle size increased from 106 — 212 pm to 500-1000 pm.

The order of particle type distribution in the 106-1000 pm HDWP was MP (69.67 wt%) > APWP (12.03 wt%) > GP (9.63 wt%) >
GB (4.17 wt%) > RPWP (2.07 wt%) > PRP (2.00 wt%) > PP (0.40 wt%) > TRWP (0.03 wt%). Since GB is used in road marking paint,
the content of wear particles of road marking paint (GB + RPWP) will be over 6 wt%. Wear microparticles generated from road
abrasion, including asphalt pavement and road marking paint, include APWPs, MPs, GBs, GPs, and RPWPs. Without considering the
outside source of MPs, wear microparticles sourced from the road amounted to 98.3, 97.7, and 96.7 wt% in HDWPs of size 106-212,
212-500, 500-1000 pm, respectively. It can be concluded that approximately 95 wt% of the HDWPs originated from road abrasion,
including asphalt pavement and road marking paint. TRWPs with a high density were not observed in the road dust sample of size
500-1000 pm, were rarely detected in the road dust sample of size 212-500 pm, and were found in less than 0.1 wt% for the road dust
sample of size 106-212 pm. TRWPs produced on real roads are usually samller than 200 pm, irrespective of the density [11,26].

3.3. XRF analysis results

The XRF analysis results for the principal elements of the HDWP sample are summarized in Table 4. There were no detectable toxic
heavy metals such as Pb, Cd, and Hg in the samples. Their detection limits in XRF analysis are 7, 5, and 10 ppm, respectively. Al,03 and
SiO4 were the main components of MPs, GBs, and GPs. Sulfur (S) and zinc (Zn) can be obtained from tire tread compounds containing
zinc oxide (Zn0), sulfur, and sulfur cure accelerators [30-32]. Moreover, there are various sulfur sources such as bitumen, exhaust gas,
and aggregates as well as TWPs [33,34]. The iron (Fe) component may have been partly derived from brake wear particles [35]. Other
Fe sources can be aggregates of pavement and soil come from the outside.

Zn was detected in trace amounts, but it could not wholly originate from TRWPs because TRWPs of size 500-1000 pm were not
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Fig. 6. Magnified images ( x 50) of the asphalt pavement wear particles (APWPs) before and after the chloroform treatment. The scale bar is
200 pm.

observed. Because the Zn content in the samples of 500-1000 pm was at least 0.02 %, the minimum content of Zn from other sources,
and not abrasion of the tire tread, should be 0.02 %. The Zn contents in the samples of size 106-212 pm were much higher than those in
the samples of size 212-500 and 500-1000 pm, which implies that some TRWPs are present in the samples of size 106-212 pm.
Variations of the sulfur content with the particle size did not show any trends, which means that the sulfur sources in road dust vary, as
discussed above. The Fe contents did not show a specific trend depending on the particle size, however, the Fe contents in the sample
collected in the winter season were greater than those in the samples collected during other seasons, which was related to high
abrasion of the brake in the cold season. The contents of Al,03 and SiO; were smaller in the fall than in other seasons. This may be due
to less inflow of soil components from the outside.

3.4. Amounts of uncrosslinked organic components in HDWPs

Chloroform is a good solvent for dissolving uncrosslinked organic components in road dust such as bitumen, uncrosslinked rubber
components, and others. Styrene-butadiene-styrene block copolymer (SBS, uncrosslinked rubber) can be used as a modifier for asphalt
pavement [39]. Following the chloroform treatment, the APWPs were divided into many particles as shown in Fig. 6. This means that
many small particles combined with binders, such as bitumen and uncrosslinked rubber, were deassembled by dissolution in chlo-
roform. This suggests that some of the tiny particles on the road were not resuspended because of their adsorption on the APWP
surface. For the TRWPs, the initial shapes were retained after the chloroform treatment as shown in Fig. 7, but many mineral particles
on the surface are detatched. The separation of many mineral particles from the TRWP is due to the swelling of the TWP and the
penetration of chloroform between the mineral particles and the TWP surface.

The amounts of the chloroform-dissolved components in the HDWP samples are summarized in Table 5. The ratios of the
chloroform-dissolved components in the winter HDWP samples (11.3-28.9 wt%) were the highest, while those in the summer HDWP
samples (0.3-1.4 wt%) were the lowest. These results imply that the binder components are more abraded from the road pavement by
traffic during the cold season, but they are less detatched from the road pavement in the hot season. This is because the binder
components become increasingly stiff at cold temperatures, resulting in breakage of the binder region in the asphalt pavement by
traffic. Under hot and warm weather conditions, the binder components would be flexible and could not be broken.

The variations in the ratios of the chloroform-dissolved components in the HDWP samples collected in the winter and spring
seasons showed specific trends depending on the particle size, i.e., the ratios decreased as the particle size increased. This indicates that
the APWPs generated during winter and spring contain more binder components as the particle size decreases. The variations in the
ratios of the chloroform-dissolved components in the HDWP samples collected during the summer and fall seasons did not show a
specific trend. However, the two variations were reverse: for the summer HDWP sample, the ratio in the sample of size 212-500 pm
was higher than those in the samples of size 106212 and 500-1000 pm, although for the fall HDWP sample, the former was lower than
the latters.
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Fig. 7. Magnified images ( x 200 and 500) of the tire-road wear particle (TRWP) before and after the chloroform treatment. The blue and green
scale bars are 50 and 20 pm, respectively.

Table 5

Ratios of chloroform-dissolved components in the wear particles with high density (>1.8 g cm™3) (wt%).
Season Wear particle size (pm)

106-212 212-500 500-1000

Winter 28.9 21.5 11.3
Spring 1.9 0.7 0.6
Summer 0.3 1.4 0.9
Fall 2.7 0.8 2.7

4. Conclusions

The particle size distributions of the road dust samples showed two opposite patterns: those of the samples collected in winter and
spring decreased as the particle size decreased, whereas those of the samples collected in summer and fall tended to increase. Overall,
the HDWPs in the road dust samples were higher than 80 wt%,; those in the winter road dust (94.0-95.6 wt%) were the highest,
whereas those in the spring road dust (82.7-9 0.7 wt%) were the lowest. The average HDWP contents in road dust of 106-1000 pm
were 95.1 wt%, 85.3 wt%, 90.4 wt%, and 89.1 wt% for the winter, spring, summer, and fall seasons, respectively. The HDWP samples
contained eight particle types, and the order of particle type distribution in the samples of size 106-1000 pm was MP > APWP > GP >
GB > RPWP > PRP > PP > TRWP. Wear microparticles sourced from road abrasion can reach up to 95 wt%. TRWPs were rarely
detected in the samples of size 212-1000 pm, and were detected in small amounts in the samples of size 106-212 pm. The Zn content
was much higher in small-sized samples than in large-sized samples. The Fe content was higher in winter than in other seasons.
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Following chloroform treatment, the APWPs were divided into many particles, whereas the TRWPs retained their initial shapes;
however, many mineral particles on the TWP surface were detached. The ratios of the chloroform-dissolved components in the winter
HDWP samples (11.3-28.9 wt%) were the highest, while those in the summer HDWP samples (0.3-1.4 wt%) were the lowest, due to
the seasonal differences in the stiffness of the binder components. HDWPs can be accumulated as sediments in rivers and seas, and
some potentially harmful chemicals in HDWPs may be released into these aquatic ecosystems. Hence, suctioning of road dust is a better
way to remove it than washing with water to avoid the sedimentation of road dust in aquatic systems. In the future, research on
sedimentation rate of road dust in water depending on not only the type, size, and density of road dust but also water flow, velocity,
and depth is necessary. For the particles smaller than 100 pm, the organic components such as TWPs and PPs in the sample can be
analyzed using pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS), while the inorganic components can be analyzed using
XRF or inductively coupled plasma-mass spectrometry (ICP-MS). However, it may be not possible to correctly determine their sources
such as MP, GB, GP, and APWP without classification with the naked eye.
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