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ARTICLE INFO ABSTRACT
Keywords: Representative non-exhaust emissions from automobiles and tire-wear particles (TWPs) accumulate in road dust,
Tire-wear particle causing their dispersion into the surrounding environment. TWPs undergo fragmentation due to continuous
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abrasion and weathering, resulting in the release of carbon black (CB), a major component of tire rubber.
Although previous studies have conducted mass flow analyses (MFAs) for TWPs based on vehicle and road types,
a detailed MFA specifically addressing road dust, including CB-bound TWPs, has not been performed. In
this study, annual emissions of TWPs, including CB, from road dust were estimated based on different vehicle and
road types. Mass flow diagrams were constructed to illustrate the distribution of these particles across technical
and environmental compartments for each road type. The environmental mass of TWPs, including CB, in each
compartment was calculated based on sewage system type, runoff ratio, road cleaning efficacy, and UV exposure.
The MFA results indicate that highways contribute significantly to TWP exposure in soil and air, despite a
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substantial portion of TWPs also accumulating as road residue. Additionally, the endpoint mass flow of the
environmental media (4241 t/a to air, 3140 t/a to water bodies, 20,602 t/a to soil, 3044 t/a to landfill, and
12,712 t/a to road residue) and the predicted environmental concentration values (1.16 pg/m? in air, 0.37
mg/L in water, and 1824 mg/kg in soil) were consistent with literature ranges, supporting the reliability of the
findings. These results underscore the importance of targeted road dust management strategies to mitigate the
environmental impact of non-exhaust emissions.

1. Introduction

With the surge in traffic volume, particularly in urban areas, research
has focused on pollutants originating from vehicular activities
(Sharmilaa and Ilango, 2022). Traditionally, air quality management
strategies have primarily targeted exhaust emissions to mitigate their
impact on ambient air quality (Liu et al., 2022). However, particulate
matter (PM) generated by non-exhaust sources, particularly from tire
wear, influences not only air quality but also the broader environmental
compartments, including roadside rivers, oceans, and soil
(Baensch-Baltruschat et al., 2021; Timmers and Achten, 2016). As a
major component of non-exhaust emissions, tire-wear particles in road
dust have attracted increasing attention due to their contribution to
microplastic pollution, their role in transporting heavy metals and
organic pollutants, and their persistence in the environment
(Baensch-Baltruschat et al., 2021; Kovochich et al., 2021; Wagner et al.,
2022). Awareness of the environmental implications of TWPs has
prompted a shift in focus toward understanding their sources, distribu-
tion, and fate in the environment (Wagner et al., 2022). This includes
investigating the factors influencing TWP generation, transport path-
ways, and the potential risks they pose to both the environment and
human health (Baensch-Baltruschat et al., 2020).

TWPs represent a complex mixture of micro-sized particles that
originate from the wear and tear between tires and road surfaces
(Wagner et al., 2018). The abrasion process is influenced by a multitude
of factors, including sudden braking, acceleration, road roughness, tire
type, vehicle load, and degree of wear (Jarlskog et al., 2022; Kim and
Lee, 2018). As tires interact with the road surface during vehicle oper-
ation, frictional forces cause a gradual breakdown of the tire treads,
resulting in the release of TWPs into the surrounding environment.
Notably, TWPs are not static entities; their physical and chemical
properties change dynamically under environmental conditions. For
instance, TWPs undergo photooxidation and further wear while on
roads, leading to alterations in their size distribution and surface char-
acteristics (Wagner et al., 2022; Luo et al., 2024a). Furthermore, carbon
black (CB), a key reinforcing filler in tire rubber, significantly influences
the environmental behavior of TWPs. During weathering, CB detaches
from TWPs and contributes to the particulate load in road dust, exhib-
iting distinct physical and chemical properties compared to bulk TWPs
(Kim et al., 2021). CB particles are finer and more chemically stable,
allowing for prolonged atmospheric suspension and increased potential
for inhalation exposure. Additionally, CB has a high surface area,
enabling it to adsorb organic pollutants and heavy metals, which may
enhance contaminant transport in aquatic and soil environments (Wi
et al., 2023). Given these unique properties, understanding CB transport
and accumulation is essential for assessing the broader environmental
risks associated with TWP emissions. While tires also contain trace
amounts of heavy metals, such as zinc and lead, their environmental
behavior differs from that of CB and TWPs. Since this study focuses on
the mass flow analysis of particulate emissions, heavy metal estimation
was not included in the scope of this work (Lopez et al., 2023).

Despite the growing concern over TWPs and CB as sources of envi-
ronmental contamination, comprehensive quantitative assessments of
their transport and fate remain limited (Sieber et al., 2020). A robust
evaluation of their environmental impact requires an in-depth mass flow
analysis (MFA) to trace their movement across technical and environ-
mental compartments. Moreover, the predicted environmental

concentration (PEC) values are essential for estimating actual exposure
levels and assessing potential risks to air, water, and soil. However,
previous studies have largely focused on individual aspects of TWP
emissions without integrating MFA and PEC to provide a holistic un-
derstanding of their distribution in different environmental media.

TWPs are initially generated on roads, and CB derived from weath-
ering processes primarily accumulates in road dust. Subsequently, they
can become airborne due to wind and vehicular movements, acting as
resuspended dust particles (Wi et al., 2023). This resuspended dust can
transport vehicle-derived particles not only in the vicinity of roads but
also to more distant locations, including aquatic environments. As
rubber is the primary component of TWPs, this material inherently
possesses hydrophobic characteristics (Kovochich et al., 2021). How-
ever, weathering processes, such as photo-oxidation, can alter their
surface properties, enhancing their dispersibility in water and allowing
them to persist in aquatic environments for extended periods (Wagner
et al., 2022). Additionally, as TWPs undergo further abrasion, their
particle size may decrease, facilitating easier penetration into soil
(Rgdland et al., 2023). While TWPs and CB can adsorb pollutants, their
adverse environmental effects outweigh any potential benefits. Adsor-
bed contaminants are eventually released due to desorption and
degradation, and TWPs themselves leach toxic substances, including
PAHs and benzothiazoles, which persist in ecosystems and contribute to
aquatic toxicity (Foscari et al., 2023; Glaubitz et al., 2023). The domi-
nant factor influencing aquatic exposure to TWPs and CB is likely
transportation via runoff from road dust to roadside drains, sewers, and
waterways, particularly during rainfall events or flooding (Zafra et al.,
2017). In addition, periodic road-cleaning activities can also contribute
to transportation (Amato et al., 2010). Therefore, understanding the
quantitative fate of TWPs and CB in air, water, and soil is critical for
developing effective mitigation strategies. A well-structured MFA can
provide insights into their major transport routes, while PEC values
enable the validation of estimated environmental concentrations against
real-world data, improving the reliability of pollution management
approaches.

The transport of these diverse environmental materials through road
dust varies depending on the type of roadway infrastructure
(Baensch-Baltruschat et al., 2021). For instance, highways, urban roads,
and rural roads exhibit differences in the presence and design of road-
side drainage systems, depending on whether they have combined or
separate systems for handling sewage and stormwater. Moreover, the
installation of separate stormwater drains along roads can affect the flow
of road dust particles into water bodies and other environmental com-
partments (Rasmussen et al., 2024). Furthermore, the characteristics of
road dust dispersion are influenced by the types of vehicles frequenting
the roads. Variations in vehicle types can lead to differences in tire wear
rates owing to factors such as vehicle weight and traffic volume (Chen
et al., 2023). For example, heavy-duty vehicles exert more pressure on
tires, increasing tire wear and subsequently raising TWP levels in road
dust. Conversely, lighter vehicles or less frequently used vehicles may
contribute to relatively lower TWP levels in road dust. These factors
collectively contribute to the complex dynamics of road dust dispersion
and its environmental impact on different types of roadways.

To address these gaps, this study aims to perform an MFA of TWPs
and CB across different road types and vehicle categories, considering
key transport mechanisms such as runoff, atmospheric resuspension,
and road-cleaning processes. Additionally, the PEC values for air, water,
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and soil are derived to assess the environmental relevance of the esti-
mated TWP and CB distributions. To investigate the contribution of TWP
generation by road and vehicle types and to quantify the migration of
TWPs and CB from their sources to environmental compartments
nationwide, this study analyzes their distribution patterns. Additionally,
the effects of various technical components, including runoff treatment
facilities, wastewater treatment plants (WWTP), waste incineration
plants (WIP), street sweeping, and rainfall, on TWP migration into water
bodies are examined. To design these scenarios, some of the required
variables were directly determined through experiments. The dispersion
stabilities of TWPs and CB in water were tested under UV irradiation,
and their sedimentation rates were measured (van Os et al., 2025).
Through MFA based on the scenario, the contributions of TWPs and CB
generated at the national level by road and vehicle types were assessed,
and fundamental data were gathered for designing management
strategies.

2. Materials and methods
2.1. Configuration of technical and environmental compartments

To interpret the mass flow of the TWPs generated from roads and the
CB detached from the TWP, a flow diagram consisting of technical and
environmental compartments was constructed, as shown in Fig. 1. The
endpoints were primarily defined as air, water, and soil systems,
whereas the basic technical compartments included the WWTP and WIP.
The TWPs generated from roads either flows into the surrounding soil or
remains on the road surface (Baensch-Baltruschat et al., 2021). For the
runoff generated from road dust due to rainfall or road cleaning, a flow
diagram was constructed to incorporate runoff treatment plants and
separate or combined sewage systems (SSS and CSS) (Sewage Informa-
tion System, 2022). Runoff treatment methods for urban roads are
differentiated based on the design of sewage systems as separate or
combined systems within urban areas. In general, WWTPs efficiently
remove fine particles, primarily by using activated sludge processes that
concentrate most particulates in the sludge for removal. Based on the
waste disposal status, waste sludge from WWTP is partially transported
to landfills and WIP, whereas some of the remaining untreated TWPs are
discharged into untreated water (Gehrke et al., 2023). In the case of
WIP, most TWPs are incinerated and removed. However, some micro-
plastics (MP) may remain and are subsequently transported to landfills
along with the incineration residues (Yang et al., 2021). The compart-
ments representing sludge and sludge removal in the flow diagram are
considered items removed from the external system of interest.

2.2. Resuspension ratio of CB from road dust

A diesel particulate matter cyclone with a quartz filter (Zefon In-
ternational) was used to evaluate the atmospheric resuspension ratio of
CB contained in road dust along with TWPs. Airborne dust particles were
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sampled at a flow rate of 8 L/min over 4 h, and the mass change in the
filter was used to calculate the total suspended particles (TSP). Mea-
surements were conducted at 15 roadside air monitoring stations in
Seoul, where the CB concentrations averaged 4291 mg/kg (Shin et al.,
2024). The atmospheric CB concentration was calculated using the
triangular method proposed in our previous report (Kim et al., 2022a),
and the resuspension ratio of CB was evaluated by comparing it to a
scenario in which all the CB in the road dust was assumed to be resus-
pended in the atmosphere.

2.3. Dispersion stability of TWPs and CB in water

To assess the environmental fate of TWPs and CB runoff into water
bodies due to rainfall or street washing, their dispersion in water was
examined. Laboratory-synthesized TWPs (Kim et al, 2021) and
commercially available CB (30-40 nm, Graphene Supermarket, USA)
were tested under different light conditions to evaluate their water
dispersibility. The selected CB size (30-40 nm) aligns with typical CB
particles found in road dust alongside TWPs, as confirmed by our pre-
vious study (Kim et al., 2022b). This similarity ensures that the exper-
imental CB accurately represents real-world CB characteristics in urban
environments. Changes in the water dispersion tendencies based on light
exposure were observed using ultraviolet A radiation (UVA-340, San-
kyo, wavelength: 295-365 nm). The sedimentation rate of the particles
was measured using multiple light scattering (MLS, Turbiscan Lab, Lean
Tecah), and particle size analysis was conducted using a particle size
analyzer (PSA, Mastersizer 3000, Malvern). The zeta potentials of the
samples were measured via electrophoretic light-scattering spectros-
copy (ELS, ELSZ-2000ZS, Otsuka).

2.4. Predicted environmental concentration (PEC)

To calculate the PEC of the TWPs in air, the relevant air volume in a
1-km-long terrestrial ecosystem was multiplied by the total area of South
Korea (National Geography Information Institute, 2022), resulting in a
total air volume of 10,038 km?® (0.1 km of relevant height). For the
aquatic compartment, the total area of surface water (2860 km?) was
multiplied by a relevant mixing depth of 3 m, yielding a resulting water
volume of 8.58 km®, and the concentration of TWPs in this water volume
was determined (Mueller and Nowack, 2008). The variation in soil
mixing depth based on soil type led to the consideration of mixing
depths of 20, 5, and 5 cm for agricultural land (18,833 km?), natural
land (66,854 kmz), and urban land (8524 kmz). Consequently, the cor-
responding soil volumes, as per the data provided by the National Ge-
ography Information Institute (2022), were calculated to be 7.54 km®.
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Fig. 1. Flow chart illustrating the origins of TWPs and CB and their pathways through environmental and technical compartments. Main sources and intermediate
pathways are represented by white boxes, while waste treatment and removal processes (WIP and Removal) are shown in gray. Compartments related to water, air,
and soil are represented by blue, green, and brown boxes, respectively, with end-points of flows indicated in bold letters for clarity.
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3. Results and discussion
3.1. Percentage of atmospheric emission of TWPs and CB

The flow chart presented in Fig. 1, which depicts the mass flow of the
TWPs and CB across the environmental compartments, is influenced by
various factors within the technical compartments, leading to variations
in the mass change of the individual components. Initially, the atmo-
spheric resuspension ratios or emission factors (EF) of the TWPs were
determined based on the existing literature. For instance, the EF
contributing to PM; from tires, brakes, roads, and resuspension parti-
cles were 6.1, 9.3, 7.5, and 40 mg/vkm, respectively (Timmers and
Achten, 2016). Based on this information, TWPs were assumed to ac-
count for approximately 9.7 % of the total particles suspended in the
atmosphere.

Although some parameters can be obtained from the existing liter-
ature, others require direct experimentation. Owing to the lack of data in
the literature on the resuspension ratio of CB on road surfaces, our study
estimated the amount of CB by capturing the TSP resuspended from the
vicinity of roads using a cyclone impactor. Airborne CB concentrations
at the three measurement points were calculated using the EF method;
the methodology has been proposed in our previous study (Kim et al.,
2022a). The airborne CB concentrations at Stations #2, #7, and #8 were
calculated to be 22.9, 19.7, and 13.1 ng/m?, respectively. To quantify
the nano-CB derived from TWPs in road dust, this study integrated four
distinct analytical techniques (Kim et al., 2022b). Assuming that all the
CB in the road dust were resuspended, the airborne CB concentrations at
the three locations were 1237, 1306, and 7762 ng/m3. Thus, the
resuspension ratios of CB at the three sites were 1.8 %, 1.5 %, and 0.2 %,
respectively, and the resuspension ratio of CB was set at 1.8 %.

3.2. Parameters setting for MFA

To conduct a comprehensive MFA of the emissions of TWPs and CB
originating from roads, we must define and adjust the parameters
(Table 1) that influence the transportation of these materials across
various environmental compartments (Fig. 1). Initially, TWPs emerged
as a result of mechanical abrasion between the tires and the road sur-
face. Subsequently, these particles undergo continuous fragmentation
owing to ongoing wear and tear processes, along with exposure to
environmental factors such as weathering (shear stress, thermo-
oxidation, and photooxidation) (Wagner et al., 2022). During this
fragmentation process, approximately 30 wt% of the tires (Palos et al.,
2021), primarily composed of CB particles, are released into the sur-
rounding environment. Experimental studies employing milling tech-
niques have demonstrated that within a span of 4 weeks, spherical
nano-particles resembling grape-like structures, constituting 4.8-5.7
wt% of the total TWP, detach from the tire surface (Kim et al., 2021).
Further analysis using electron microscopy and electron diffraction
confirmed the presence of CB within the detached particles.

The amount of TWPs generated varies, depending on the type of
vehicle and road characteristics (Baensch-Baltruschat et al., 2020; Gao
et al., 2022). Therefore, the EF values of the TWPs must be adjusted
differently for each road type and vehicle category. Highways typically
exhibit significant TWP levels as they are associated with high vehicular
speeds and long driving distances. Because highway surfaces are rela-
tively smooth and clean compared with other roads, TWP generation
tends to be relatively small. Conversely, urban roads may experience
lower driving speeds but frequent stops and starts, along with driving at
intersections and crosswalks, leading to TWP generation (Rgdland et al.,
2022). In addition, urban road surfaces often have more cracks and dirty
patches than highways, which results in a higher occurrence of TWPs. In
rural roads, vehicles typically travel at lower speeds, contributing to
TWP generation (Rgdland et al., 2023). Furthermore, rural roads tend to
have more cracks and irregular surfaces than highways or urban roads,
which increases the likelihood of TWP generation. Therefore, TWP
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Table 1
Parameters and assumptions for calculating the mass of TWPs and CB in envi-
ronmental compartments.

Parameters Data Unit  Remarks References
applied
Detachment 4.8-5.7 wt CB detached from Kim et al. (2021)
ratio of CB % TWPs via
from TWPs additional
weathering on
roads
Percentage of 9.7 % Contribution of Timmers and Achten
atmospheric TWPs to total EF (2016)
emissions value for PM;o
1.8 % CB content in the This work

dust recovered by
the impactor

Percentage of 70, 35, % Highways, urban, Baensch-Baltruschat
runoff from 70 and rural roads et al. (2021)
road surfaces

Recovery of 10-40 % Removal of road Amato et al. (2010)
road dust via dust by street
street sweeping on
sweeper urban roads

Ratio of 44.3 vs. % Separation type is Sewage information
combined to 55.7 compared by the system (2022)
separate length of the
sewage rainwater pipe
system

Effluent ratio 60, 70, % Highways, urban, Baensch-Baltruschat
from runoff 15 and rural roads et al. (2021)
treatment
plants

Removal 80 % 70-90 % of Gehrke et al. (2023)
efficiency of removal rates for
WWTP 20-300 pm

microplastics

Sewage sludge 0.2, % Landfill, Sewage information

treatment 33.9, incineration, and system (2022)
60.8 recycle

Removal 99 % Termination of Yang et al. (2021)
efficiency of microplastics in
WIP WIP

generation on highways, urban areas, and rural areas varies according to
the driving and road conditions.

The EF of TWPs for various vehicle types on different roads can be
found in the literature (Chen et al., 2023). By categorizing vehicles into
three types, we adjusted the literature values of EF with vehicle types in
this study. For example, the EF for trucks in Table 2 was determined
using the average EF of trucks and lorries, as described in the literature
(Baensch-Baltruschat et al., 2021). To estimate the total amount of TWPs
generated annually, we determined the annual driving distance for each
road type and vehicle category. Data were obtained from the Korean
Statistical Information Service and Statistics Korea (2022). The annual
amount of TWPs generated was calculated by multiplying the annual
driving distance with the corresponding EF of the TWPs. Additionally,
the EF of the CB was calculated from the detachment ratio listed in
Table 1 relative to the TWP levels. These two values are summarized in
Table 2, and the annual emissions of TWPs and CB were 45,505 and
2184 t/a, respectively, exhibiting a similar range to the TWP levels in
Germany reported in a previous study (Baensch-Baltruschat et al.,
2021). According to domestic data, calculated based on the warranty
period of tires and annual mileage by vehicle type, the TWP level was
estimated to be 53,188 t/a (Lee et al., 2020). This result demonstrates
that the TWP levels calculated in this study are reasonably consistent.

As summarized in Table 2, highways exhibited the highest TWP
emissions (23,201 t/a, 51.0 %), followed by urban roads (16,510 t/a,
36.3 %) and rural roads (5794 t/a, 12.7 %). Despite having the longest
total length, rural roads showed the lowest emissions due to lower
vehicle traffic and reduced tire abrasion. Highways accounted for the
largest emissions due to approximately three times greater vehicle
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Table 2
Annual travel distance with road and vehicle types and amount of TWPs and CB
calculated with emission factor.

Road Vehicle Travel EF of Amount of  Amount of
types types distance TWPs TWPs (t/a) CB (t/a)
(x10° vkm/  (mg/
a)’ vkm)”
Highways Passenger 65,089 104 6769 325
4924 cars
km Buses 1920 326 626 30
Trucks 26,654 593 15,806 759
Sum 93,662 - 23,201 1114
Urban Passenger 47,511 132 6271 301
roads cars
12,702 Buses 876 415 364 17
km Trucks 13,097 754 9875 474
Sum 61,484 - 16,510 792
Rural Passenger 23,213 85 1973 95
roads cars
14,353 Buses 694 267 185 9
km Trucks 7496 485 3636 175
Sum 31,403 - 5794 278
Total sum 186,549 — 45,505 2184

2 Data obtained from the Korean Statistical Information Service (2022).

b EF values of TWPs by vehicle type are based on the EF values for passenger
cars and Buses from Baensch-Baltruschat et al. (2021), whereas the EF for Trucks
is the average value of the EF for lorries and trucks.

traffic volume than rural roads, coupled with higher driving speeds that
intensify tire wear. Vehicle type significantly influenced TWP emissions,
with trucks contributing 29,317 t/a (64.4 %) of total emissions despite
making up only 38.4 % of total travel distance. On highways alone,
trucks emitted 15,806 t/a of TWPs—2.3 times more than passenger cars
(6769 t/a), despite traveling only 2.4 times farther. This pattern reflects
the higher emission factors (EFs) of trucks due to their greater tire load
and continuous operation at high speeds. Urban roads accounted for
over one-third of total TWP emissions, driven by frequent acceleration,
braking, and stop-and-go traffic, which increase tire wear despite lower
speeds. Meanwhile, rural roads exhibited the lowest emissions, but long-
term TWP accumulation in roadside soil remains a concern due to
limited removal processes.

Similarly, CB emissions were estimated at 2184 t/a, constituting
4.8-5.7 wt% of total TWP emissions (Kim et al., 2021). Among road
types, highways contributed the largest share (1114 t/a, 51.0 %), fol-
lowed by urban roads (792 t/a, 36.3 %) and rural roads (278 t/a, 12.7
%). Trucks were responsible for 1408 t/a (64.5 %) of total CB emissions,
with highway truck-related CB emissions (759 t/a) being 2.3 times
higher than those from passenger cars (325 t/a), despite trucks traveling
only 41 % of the highway distance covered by passenger cars. The high
fraction of CB emissions from trucks is due to their larger tire sizes,
higher axle loads, and more intense road-surface interactions, which
accelerate tire tread wear. In urban areas, CB emissions were lower than
on highways, despite greater traffic volume, due to stop-and-go traffic
reducing sustained abrasion. However, CB accumulation per unit area
may be higher in urban settings due to limited dispersion compared to
open highways. Rural roads exhibited the lowest CB emissions (278 t/a),
but retention in soil remains a concern due to low resuspension rates.
While absolute emissions are lowest in rural environments, CB deposi-
tion in soil may persist for extended periods due to minimal disturbance
and limited removal processes.

Particles originating from traffic activities on roads are transported
to the surrounding soils or drainage systems by rainfall, heavy rainfall,
or road cleaning, ultimately resulting in the migration of a substantial
amount of TWPs into water bodies (Luo et al., 2021; Wagner et al.,
2022). Urban roads are equipped with sewage systems that allow par-
ticle runoff to be treated along with wastewater. However, highways
and rural roads lack these facilities. Therefore, the particle fraction in
runoff from road surfaces for highways and rural roads was set to 70 %
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(Baensch-Baltruschat et al., 2021). In urban areas, two types of treat-
ment facilities are available, SSS and CSS, wherein sewage collected in
the CSS is transported to the WWTP. According to national data, the
installation rates of SSS and CSS are 55.7 % and 44.3 %, respectively
(Sewage Information System, 2022). Assuming that approximately 20 %
of the runoff remained in the surrounding soil, considering the propor-
tion of the CSS, it was assumed that 35 % of the runoff would be directed
to the CSS.

Another method for cleaning roads involves the use of street
sweepers that utilize vacuum suction, in addition to water flushing.
Vacuum suction cleaning is particularly effective at removing dust sus-
pended in the air (Amato et al., 2010), however, this form of cleaning is
primarily performed on urban roads. Moreover, the effectiveness of this
method may vary depending on factors, such as traffic volume, road
surface conditions, and weather patterns (Jarlskog et al., 2022). Despite
being performed regularly, the cleaning frequency can be irregular
owing to the dynamic nature of roads and weather conditions. The ef-
ficiency of road dust removal through suction cleaning can be adjusted,
offering flexibility for controlling particle mitigation. This investigation
focused on determining whether adjusting the removal efficiency from
0 % to 40 % effectively reduced TWP emissions from road surfaces.

For highways and rural roads, the runoff treatment plant and urban
road SSC movement quantities were set to 60 %, 15 %, and 70 %,
respectively, based on the values assumed in the literature
(Baensch-Baltruschat et al., 2021). Wastewater entering WWTP is pri-
marily treated using an activated sludge process, which generally ex-
hibits high treatment efficiency. However, recent reports on the
treatment efficiency of MP indicate a removal efficiency of 70-90 % for
MP ranging within 20-300 pm (Gehrke et al., 2023). Therefore, in this
study, the removal efficiency of TWPs from WWTP was set at 80 %.
Wastewater sludge is mainly disposed of through landfilling, incinera-
tion, and reuse, with proportions of 0.2 %, 33.9 %, and 60.8 %,
respectively (Sewage Information System, 2022).

Finally, the wastewater sludge transported to the WIP was largely
removed by the high-temperature treatment. However, according to
previous report (Yang et al., 2021), even after incineration, some MPs
persist in the bottom ash. Specifically, The MP concentration ranges
from 1.9 to 565 ng/kg in the bottom ash. Therefore, the incineration
efficiency of WIP was set to 99 %.

3.3. Flow diagram analysis based on MFA

Based on the variable settings (Tables 1 and 2) and flow diagram
(Fig. 1) outlined above, the mass flows of the TWPs and CB across the
different technical and environmental compartments were determined.
The mass flows of the TWPs and CB detaching from the TWP on roads
were calculated as depicted in Fig. 2. CB, which does not exist inde-
pendently of TWPs in road dust (Kim et al., 2022a), coexists as a com-
posite substance during its migration from roads to compartments. The
residual TWPs left on the roads amounts to 119.38 t/a, representing
26.2 % of the initial generation, while 36.4 % of CB remains on the
roads. The remaining mass was transferred to the subsequent technical
compartment through runoff and street-cleaning processes.

The amount exposed to the atmosphere, totaling 4241 t/a, accounted
for a relatively small fraction (9.3 %) of the generated TWPs. This lower
exposure is attributed to the nature of the micrometer-sized particles
composed of TWPs and grape-like aggregated CB (Kim et al., 2021),
which settle easily even when resuspended from road dust, resulting in
minimal atmospheric exposure. Smaller microparticles (CB aggregates
and small-sized TWPs) tend to be less resuspended than larger particles
because they are readily trapped within the microstructure of the road
surface (Vogelsang et al., 2019). The quantity removed through road
cleaning operations was notably low at 1651 t/a, representing only 3.6
% of the road dust generation. This highlights the preference for vacuum
suction cleaning over water-based road cleaning for effective road dust
removal, particularly in urban areas (Gehrke et al., 2023).
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Fig. 2. Emissions of TWPs and CB (t/a) generated on roads, along with their dispersion into technical and environmental compartments.

Rainfall or road-cleaning runoff of TWPs into rivers or surrounding
soil demonstrated a significantly higher dominance compared to other
compartments. Approximately 26,900 t/a, accounting for 59.1 % of the
generated amount, was runoff. Among these, 76.6 % of the generated
amount migrated to the surrounding soil, whereas the remainder moved
to runoff treatment systems or the SSS and CSS in urban areas. Sub-
stances moving from urban areas to water bodies pass through the CSS to
the WWTP, thereby increasing the load on the WWTP during rainfall
events. Specifically, 80 % of the 2340 t/a entering the CSS is treated at
WWTP, enhancing the total treatment capacity of WWTP by mixing with
runoff from roads and surfaces. In contrast, SSS separates sewage from
surface runoff, relieves the WWTP burden, and provides pathways to
landfills and water bodies (Nishimagi et al., 2023). In WWTP, TWPs and
CB are generally removed by activated sludge processes, and particulate
substances are incinerated or buried in the waste sludge and eventually
eliminated from the system.

Overall, the endpoint mass flow of the environmental media corre-
sponded to 4,241, 3,140, 20,602, 3,044, and 12,712 t/a for air, water
bodies, soil, landfill, and road residue, respectively. If the mass of the
landfill is considered as the soil compartment, the mass ratio of air to
water bodies to soil is 1:0.74:3.72. This result highlights the dominant
movement of particles into the soil, which is consistent with the findings
of studies conducted in Germany (Baensch-Baltruschat et al., 2021).
TWPs deposited in soil accumulates persistently unless its environ-
mental fate is considered. Without soil erosion from heavy rainfall, the
TWPs that accumulated in the soil remained relatively stationary and
persisted for a considerable duration. According to a study in
Switzerland, approximately 170,000 t of TWPs in roadside soil accu-
mulation was analyzed within a 30-year span at a distance of 5 m from
the road (Sieber et al., 2020). This accumulation may undergo partial
degradation owing to soil environmental conditions and microbial ac-
tivity (Klun et al., 2023; Wagner et al., 2022), potentially leading to the
leaching of organic compounds composed of TWPs (Yang et al., 2022).
Conversely, TWPs have been reported to exhibit potential for the
adsorption of heavy metals such as Pb>" and Cd?*, thereby rendering
positive effects on the removal of heavy metals from the soil (Glaubitz
et al., 2023).

Regular urban road cleaning can significantly remove a substantial
portion of the TWPs and CB remaining on roads. However, the collected
road dust is disposed of in landfills, leading to its accumulation in soil.
Increasing the recovery ratio of road dust from 10 % to 40 % resulted in
39.5 % and 30.6 % reductions in the remaining TWPs and CB on the
roads, respectively (Fig. 3). The road dust removed from the roads was

16000
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Fig. 3. Mass change of TWPs and CB with the change of the recovery ratio of
road dust using street sweepers.

transported to landfills, resulting in a 1.6-fold increase in landfill volume
(from 3042 to 7995 t/a). To prevent an excessive burden on landfills,
proper management of road dust recovery ratios is necessary. However,
periodic urban road cleaning is essential to minimize human inhalation
exposure and particle dispersion in the surrounding road environment
through the resuspension of particles remaining on the roads (Kreider
et al., 2020). Although modeling studies suggest that enhanced road
cleaning can significantly reduce road dust accumulation, direct
empirical verification remains limited. Amato et al. (2010) found that
vacuum-assisted and regenerative-air sweepers are more effective than
traditional mechanical sweepers at removing fine particulate matter,
with sediment removal efficiencies reaching up to 75 %. While some
studies indicate that combining vacuum sweeping with water flushing
can reduce PM concentrations by up to 24 %, the persistence of these
reductions is short-lived (Chang et al., 2005; Chou et al., 2007). To
substantiate the claim that urban road cleaning can mitigate TWP
pollution, future research should incorporate before-and-after mea-
surements of TWP residues in cities implementing different cleaning
strategies, ideally comparing traditional sweeping with vacuum-based
systems under varying traffic and weather conditions.

The exposure of water bodies to TWPs and CB is significantly
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influenced by sewage systems. The SSS in urban areas plays a crucial
role, similar to the runoff treatment from highways and rural roads.
Through this pathway, the sediment is transported to waste landfills for
disposal, whereas the remainder is discharged into water bodies.
Conversely, the CSS combines rainwater and wastewater in a single pipe.
Consequently, TWP runoff from urban roads, along with rainwater, is
transported to WWTP, where some of the runoff remains untreated and
is directly discharged into water bodies. Therefore, the ratio of SSS to
CSS also affects the environmental distribution of materials.

The government is striving to convert urban sewage pipelines from
CSS to SSS (Sewage Information System, 2022), aiming to increase the
proportion of SSSs from 42.3 % in 2013. This transition alleviates the
burden on WWTP by separating sewage and rainwater. However, an
increase in SSC leads to elevated TWP and CB runoff into water bodies
through stormwater drains, consequently augmenting their migration to
water bodies. If the SSS ratio is increased from the current 55.7 % to the
projected 70 % by 2030, the volumes of TWPs and CB transported to
landfills and water bodies will increase by 6.83 % and 9.97 %, respec-
tively. Conversely, this decrease would result in a reduction of 604 t/a of
contaminated water entering the WWTPs. A high percentage of SSS in
sewage pipelines, constrained by the handling capacity of WWTP for

(@)

TWP in RD
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TWP-containing wastewater, inevitably escalates its migration to water
bodies. Therefore, instead of converting all urban sewage pipelines
entirely into SSS, maintaining an appropriate CSS level while ensuring
the removal and treatment of TWP-containing wastewater in WWTP is a
more pragmatic strategy. The findings in Fig. 3 demonstrate how road
cleaning efficiency directly influences the environmental fate of TWPs
and CB. By improving road dust recovery, the accumulation of TWPs and
CB in road environments can be significantly reduced, ultimately shift-
ing their distribution across environmental compartments, as shown in
Fig. 4.

The contributions of TWPs and CB to the total amount in the envi-
ronmental compartments varied depending on the type of road. Fig. 4
illustrates the mass flows for the three road types, each exhibiting a
distinct composition. Urban roads have a complex composition (Fig. 4b),
whereas highways and rural roads have relatively simple structures
(Fig. 4a and c). The complexity arises from the inclusion of additional
technical compartments, such as the recovery of road dust and the
distinction between the two sewage pipelines, WWTP and WIP. The
contribution of road type to each environmental medium is plotted in
Fig. 4d. On highways, the predominant contributors were air (51.0 %)
and soil (74.9 %). Most of the TWPs generated on highways seems to
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Fig. 4. Annual emissions of TWPs and CB in (a) highways, (b) urban, and (c) rural roads. (d) Illustrate for total annual mass by environmental compartments with

road type.
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accumulate in the surrounding soil (Rgdland et al., 2023). Urban roads
made high contributions from water bodies (83.5 %), landfills (83.7 %),
and road residue (52.8 %). Despite the lower annual travel distance
compared with highways (Table 2), the relatively lower runoff resulted
in a higher retention of TWPs on roads (Fig. 4b). Rural roads exhibited a
relatively high contribution to soil (18.7 %) but lower contributions to
other environmental media. This trend is attributed to the lower traffic
volume and, consequently, lower TWP generation (Table 2).

3.4. PEC of TWPs and CB in environmental media

The PEC values were calculated based on the spatial volume of the
air, water, and soil systems derived from the calculated levels of the TWP
and CB mixtures per environmental compartment and geographic in-
formation. This methodology uses a simplified MFA (Liu and Nowack,
2022; Mueller and Nowack, 2008). Geographic information relied on
data from our previous studies (Hong et al., 2023). PEC values of TWP,
including CB, in the air, water, and soil were calculated as 1.16 pg/m3,
0.37 mg/L, and 2.73 mg/kg, respectively. The PEC values for the air and

water systems lie within the range of literature values, which typically
vary from 0.5 to 11 pg/m3 (air) and 0.03-17.9 mg/L (water) (Wik and
Dave, 2009).

However, the PEC value in the soil is considerably lower than the
literature values; road-adjacent soil exhibits a wide range of concen-
trations from 600 to 117,000 mg/kg, sharply decreasing beyond 30 m
from the road to below 100 mg/kg of TWPs (Wik and Dave, 2009). To
calculate the PEC of the soil, only the area of the soil adjacent to the road
was considered. Thus, the PEC value of TWPs in the soil was recalculated
based on the total length of national roads (112,977 km) (National
Geography Information Institute, 2022). Furthermore, the proportion of
TWPs varies depending on the soil depth, with the majority of TWPs
being found within a depth of 10 cm (Miiller et al., 2022). This infor-
mation was used to define the volume of soil adjacent to the road. The
PEC of TWPs in the soil within 5 m of the road was calculated as 364.7
mg/kg. As plotted in Fig. 5, the PEC of the soil decreases exponentially
with increasing distance from the road, ranging from 364 to 1824
mg/kg. This exponential decrease in the TWP concentration with dis-
tance from the road aligns with the tendency of roads to act as sources of
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Fig. 5. PEC of TWP + CB in soil with distance from roads. (Inset: summary table for PEC values for environmental media, and 3D spatial distribution of PEC of TWP

+ CB in soil).

heavy metals in the soil (Werkenthin et al., 2014). Vehicular traffic near
roads generates TWP, and as the distance from the road increases, the
primary source diminishes. Additionally, there is minimal long-distance
transport of TWPs to soil near roads, resulting in higher concentrations
of TWPs in the soil adjacent to roads.

3.5. Water dispersibility of TWPs and CB

TWPs typically exhibit a non-polar surface as carbonaceous polymers
predominantly containing C-C and C-H bonds; this renders them less
prone to interactions with polar water molecules. However, partial
oxidation of the rubber surface through photooxidation and thermo-
oxidation activates -OH and -C=0 groups, thereby reducing hydropho-
bicity and enhancing dispersibility in aqueous environments (Rosso
et al., 2023). Despite unintentional exposure, as depicted in the mass
flow diagram, the amount of TWPs and CB entering the water bodies
accounted for 6.9 % of the initial generation but was still considerable at
3140 t/a (Fig. 2). Enhanced hydrophilicity enables these particles to
disperse effectively in water bodies, facilitating long-distance transport
along water flows, which converts them into mobile pollutants rather
than localized sources of contamination. Considering these aspects, the
water dispersibilities of TWPs and CB were evaluated under UV
irradiation.

Under dark conditions without UV irradiation, TWPs showed no
dispersion in water, even after 4 h (Fig. 6a). Slight dispersion began after
6 h, and after 16 h of stirring, only 12 % (by mass input) was dispersed in
the water, with the remainder floating on the water surface. In contrast,
when subjected to UV irradiation, 32 % of TWPs was dispersed after 6 h
of stirring, which increased to 47 % after 24 h. The size of dispersed
particles under dark conditions averaged 243 pm, whereas under irra-
diation conditions, the particle size reduced to 145 pm, attributed to
some cracking on the particle surface during irradiation, resulting in
further fragmentation. The zeta potentials of TWPs under each condition
were —7.58 and —11.16 mV, respectively, indicating lower dispersion
stability of TWPs under dark conditions. Additionally, the sedimentation

velocities measured by MLS averaged 33.1 and 43.6 mm/h after 6 h,
respectively, indicating improved dispersion stability of TWPs in water
bodies under irradiation.

Comprising more than 95 % elemental carbon, CB possesses inherent
hydrophobicity (Hong et al., 2021). However, because of its small size
(30-40 nm), CB aggregates tend to disperse easily in water bodies, even
via simple methods such as ultrasound treatment or stirring. Under
conditions without irradiation, as shown in Fig. 6b, the water dispersion
of CB occurred within 2 h. Under environmental exposure conditions, CB
did not undergo ultrasonic dispersion but could disperse within 1 h of
ultrasonic treatment. Although the primary particles of CB are on the
nanometer scale, the secondary particles exhibit agglomerated struc-
tures, resulting in micrometer-sized particles in water bodies. The par-
ticle size during water dispersion was approximately 12.5 pm, with a
high zeta potential of —36 mV, indicating excellent dispersion stability.
The sedimentation velocity was 9.74 mm/h, considerably slower than
that for TWPs.

The dispersion behavior of TWPs and CB in water bodies (Fig. 6)
aligns with the mass flow trends observed in Fig. 4, highlighting their
persistence in aquatic environments and potential for long-range
transport. Initially, these particles exhibit hydrophobic properties,
limiting their interaction with water. However, surface oxidation, me-
chanical agitation, and environmental weathering progressively alter
their surface chemistry, enhancing their dispersibility and mobility. This
transformation facilitates their migration from road surfaces into water
bodies, increasing their environmental persistence and potential
ecological impact. By integrating the findings from mass flow analysis
and dispersion behavior, it becomes evident that TWPs and CB do not
remain confined to road surfaces but actively enter aquatic systems,
where they can be transported over considerable distances. This high-
lights the need for more accurate exposure assessments in both soil and
water bodies to better understand their long-term fate. Developing
improved methodologies for quantifying their transport and trans-
formation will provide critical data for road pollution management and
policy development, ensuring more effective mitigation strategies.
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Fig. 6. Dispersion of (a) TWPs and (b) CB with or without UV irradiation under different string periods.

4. Conclusions

In summary, the annual generation of TWPs and CB was calculated
using annual vehicle travel data based on road type and vehicle cate-
gory. Based on the MFA results, the PEC values of TWP in air, water, and
soil were determined as 1.16 pg/m>, 0.37 mg/L, and 1824 mg/kg,
respectively, aligning with literature ranges. The TWP concentration in
the soil decreased exponentially with increasing distance from roads.
Although TWPs and CB exposed to soil cannot undergo long-distance
transport, the carbonaceous particles (TWPs and CB) experience sur-
face property changes through photooxidation, and the string exhibits
improved dispersibility in water. Consequently, the TWPs and CB pre-
sent in water bodies can act as long-distance sources of contamination.
These results highlight the substantial impact of non-exhaust emissions
from roads on environmental pollution, particularly in urban areas
where runoff can carry pollutants into water bodies. This underscores
the urgency of implementing measures to mitigate road-related pollu-
tion, such as improving road-cleaning practices, enhancing wastewater
treatment efficiency, and promoting the use of low-emission vehicles.
Furthermore, the findings emphasize the need for ongoing research to
refine the models and gather more accurate data, enabling better-
informed policymaking aimed at minimizing the environmental
impact of road transportation. Despite the comprehensive approach
used in this study, limitations exist due to the reliance on available data
and the estimation accuracy of certain parameters. In addition, the as-
sumptions and simplifications of the model may introduce uncertainties
in the results.
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