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Abstract

The oxidative potential (OP) of atmospheric particulate matter serves as an effective in-
dicator for assessing the health risks posed by reactive oxygen species (ROS). Existing
studies have mainly focused on conventional particulate matter including PM2.5, whereas
systematic investigations into the OP of road dust in coal–resource–based cities are still
limited. Taking Huainan City, China as the study area, this paper explored the characteris-
tics and influencing factors of OP in water–soluble fractions of road dust from different
functional zones. The results indicated that the OP of water-soluble fractions in road dust
from Huainan City was 0.162 ± 0.079 pmol/min/µg, with the value in the coal mining zone
being significantly lower than that in the commercial and industrial zones. The average
concentration of water–soluble organic carbon (WSOC) was 67.3 ± 59.4 mg/kg, with lower
levels observed in the coal mining and power plant zones. WSOC was primarily dominated
by fulvic acid–like (C1) and tryptophan–like (C2) components. C1 prevailed in coal mining,
power plant, and other functional zones, whereas C2 was dominant in commercial, park
and residential zones. Overall, the WSOC showed a mixed-source signature dominated by
endogenous sources and characterized by a low degree of humification. The total concen-
tration of water–soluble heavy metals in road dust was 43.46 mg/kg, dominated by Fe, Sr,
Cu, Ba, and Mn, with relatively lower concentrations observed in the industrial and coal
mining zones. The influencing factors of OP exhibited differentiation among functional
zones: in industrial zones, it was regulated by As, Mn, TC (total carbon), WSOC and its
fluorescent components, while in non-industrial zones, it was closely associated with Co,
TC, and WSOC. These findings indicate that road dust toxicity and its key chemical drivers
in coal mining and power plant zones of coal resource–based cities exhibit distinctive
characteristics. This study provides a scientific basis for the precise management of road
dust pollution and the prevention of associated health risks.

Keywords: road dust; oxidative potential (OP); water–soluble heavy metals; water–soluble
organic carbon (WSOC); fluorescent components

1. Introduction
Extensive research on urban atmospheric particulate matter has demonstrated that

the inhalation of such particles induces the generation of reactive oxygen species (ROS)
within the human body, consequently inducing oxidative stress and posing risks to the
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respiratory and cardiovascular systems [1]. Oxidative potential (OP) is an indicator of
the ability of atmospheric particulate matter to generate reactive oxygen species (ROS),
which can oxidize biological molecules and induce cellular oxidative stress [2]. Road dust
is an important source of atmospheric particulate matter pollution and poses adverse
impacts on human health [3]. Current research on OP has predominantly focused on
PM2.5, with studies revealing that OP values vary across different countries, cities, and
even distinct functional zones within the same city [4,5]. The OP of PM2.5 also exhibits
pronounced seasonal variation characteristics [6]. Heavy metals, including Fe, V, Ni, Cu,
and Mn, serve as significant contributors to the OP of PM2.5 [7]. The study by Wang
et al. indicates that Fe is a significant contributor to the OP of PM2.5, and that the water–
soluble organic carbon (WSOC) can enhance this OP by increasing the solubility of Fe via
complexation [8]. In contrast, the interactions among Cu, Mn, and organic compounds
can exert an antagonistic effect on the formation of ROS [9]. Current research on road
dust mainly focuses on the concentration distribution characteristics of heavy metals and
related health risk assessment. Meanwhile, some studies have focused on characterizing
the OP of road dust and its influencing factors. For example, Jiang et al. [10] analyzed the
heavy metal concentration and OP values in the urban road dust of Xiamen and found that
parking lots had higher OP levels than busy intersections, with only water-soluble Cu and
total Tl concentrations showing a significantly positive correlation with OP. Wang et al. [11]
reported that the water-insoluble fractions exhibited higher OP compared to the water–
soluble fractions in road dust from Xi’an, with chromophoric organic matter dominating
the OP of the water–soluble fractions.

However, current relevant studies have notable limitations. First, most research mainly
focuses on large cities, while studies targeting coal–resource–based and other special cities
remain scarce. Second, urban functional zones are generally classified into conventional
types such as traffic, residential, parks, industrial, and commercial zones. For coal–resource–
based cities such as Huainan, with numerous coal mines and thermal power plants, the
OP characteristics of road dust and its influencing factors in these specialized functional
zones have not been thoroughly investigated. Third, existing studies mostly investigate
the effects of heavy metals or organic compounds on oxidative potential individually,
and the interactions between them still require further clarification. Therefore, this study
selected Huainan City as the study area. By analyzing the distribution characteristics of
water–soluble heavy metals, water-soluble organic carbon, and fluorescent substances in
the water–soluble fractions of road dust from different functional zones, we systematically
investigated the main factors influencing the OP of road dust. This paper elucidates the
toxicity of road dust in coal mining and power plant zones within coal resource–based
cities, along with its key chemical drivers, thereby providing a scientific basis for precise
road dust pollution control and human health risk prevention.

2. Materials and Methods
2.1. Study Area

The study area is located in Huainan City, Anhui Province, China. The city is situated
in the north–central region of Anhui Province. In terms of urban type, Huainan represents
a typical resource–based industrial city in East China, with core industries dominated by
coal mining and thermal power generation. Long–term intensive mining activities and
industrial growth have led to a series of environmental problems including coal mining
subsidence, coal–fired emissions, and urban expansion [12]. In the present study, we
classified Huainan into seven functional zones: coal mining, power plant, park, residential,
traffic, industrial, and commercial zones. Field sampling was implemented in each zone.
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2.2. Sample Collection

A total of 54 sampling sites were set up on non-motorized lanes across seven func-
tional zones in Huainan City, with sample collection conducted from December 2024 to
January 2025 (Figure 1). The seven functional zones consisted of park zone (8 sampling
sites), traffic zone (8 sampling sites), industrial zone (8 sampling sites), commercial zone
(8 sampling sites), residential zone (8 sampling sites), coal mining zone (8 sampling sites),
and power plant zone (6 sampling sites). Sampling was performed using a cordless vacuum
cleaner (B203CN, Dreame Information Technology Co., Ltd., Tianjin, China) at a constant
speed along each site. After sampling, the latitude, longitude, and sampling date were
recorded with a handheld GPS device(Tianjin Liaowang Optoelectronics Technology Co.,
Ltd., Tianjin, China), and all samples were placed in sealed bags. The samples were then
air–dried and sieved using a 100–mesh sieve (<150 µm). The sieved fractions were trans-
ferred into clean sealed bags, labeled, and stored in the dark at −20 ◦C for subsequent
experimental analysis.

Figure 1. Distribution of sampling sites.

2.3. Reagents and Instruments
2.3.1. Reagents

Methanol (CH3OH, 99.8%), trichloroacetic acid (TCA, C2HCl3O2, AR), 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB, C14H8N2O8S2, 98%), and dithiothreitol (DTT, C4H10O2S2, 99%)
were all purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Tris(hydroxymethyl)aminomethane (Tris, C4H11NO3, ultra-pure grade) and
ethylenediaminetetraacetic acid (EDTA, C10H16N2O8, AR) were obtained from Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China).

2.3.2. Instruments

Total organic carbon TOC analyzer (enviro TOC, Elementar, Langenselbold, Germany);
three-dimensional fluorescence spectrophotometer (F–7100, Hitachi High-Tech Corpora-
tion, Tokyo, Japan); multifunctional microplate reader (Victor Nivo, PerkinElmer Life and
Analytical Sciences (UK) Ltd., High Wycombe, UK); inductively coupled plasma-mass
spectrometer (ICP–MS, NexION 300, PerkinElmer Inc., Waltham, USA); electronic analyti-
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cal balance (FA2004, Shanghai Sunny Hengping Scientific Instrument Co., Ltd., Shanghai,
China); electric forced-air drying oven (101–1B, Changge Mingtu Machinery Equipment
Co., Ltd., Changge, China); intelligent centrifuge (LSC–50H, Shaoxing Super Instrument
Co., Ltd., Shaoxing, China); ultrasonic cleaner (GW0410, Shenzhen Guanbo Technology
Industrial Co., Ltd., China, Shenzhen, China); Mijia cordless vacuum cleaner (B203CN,
Tianjin Dreame Information Technology Co., Ltd., Tianjin, China); high-precision GPS area
meter (Nohawk, Tianjin Liaowang Optoelectronics Technology Co., Ltd., Tianjin, China).

2.4. Water-Soluble Heavy Metal Analyses

A precisely weighed 1 g aliquot of each sample was immersed in 50 mL of ultrapure
water, followed by ultrasonication at room temperature for 15 min. The mixture was then
centrifuged for 15 min. The supernatant was collected and filtered through a 0.45 µm
aqueous microporous membrane to obtain the test solution. The concentrations of heavy
metal elements (Li, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, As, Sr, Sb, Ba) in the extracts were
determined by ICP–MS. The method detection limit (MDL) for all elements was below
1 ng/L. The standard reference material (GBW–07403a, National Research Center for
Standards, Beijing, China) for soils was adopted, and recoveries of elements ranged from
81.2% to 118.1%. Blank controls and parallel samples were prepared simultaneously to
reduce experimental error and guarantee data reliability.

2.5. Carbonaceous Components Analyses

A precisely weighed 1 g aliquot of each sample was placed into a centrifuge tube and
extracted with 50 mL of ultrapure water, followed by ultrasonication at room temperature
for 30 min. After centrifugation for 30 min, the supernatant was collected and filtered
through a 0.45 µm aqueous microporous membrane. The filtrate was determined by a
total organic carbon (TOC) analyzer for total carbon (TC), total inorganic carbon (TIC), and
water-soluble organic carbon (WSOC). Quantification was carried out with a calibration
series prepared from national certified reference materials. Sample results were corrected
via blank tests and method calibration. Prior to WSOC measurement, the TOC analyzer
was preheated for 30 min, and checked for airtightness. The injection system was rinsed
with ultrapure water. After instrument stabilization, blank samples were tested prior to the
test samples. The measuring range of the TOC analyzer was 0~100.000 ppm.

2.6. Three-Dimensional Fluorescence Spectroscopic Analyses

A 0.1 g aliquot of the sample was weighed and transferred into a centrifuge tube. The
sample was then immersed in an appropriate volume of ultrapure water and subjected
to ultrasonic extraction for 30 min using an ultrasonic cleaner. Following extraction, the
mixture was centrifuged for 15 min. The supernatant from each sample was carefully
aspirated and filtered through a 0.45 µm microporous membrane to obtain the analytical
solution for subsequent tests.

For experimental detection, a quartz cuvette was used, and sample analysis was
conducted using a three–dimensional fluorescence spectrophotometer. Ultrapure water was
used as a blank control to subtract background fluorescence interference. The instrumental
parameters were set as follows: an excitation wavelength scanning range of 200–600 nm,
an emission wavelength scanning range of 250–600 nm, and a scanning interval of 5 nm for
both. Prior to formal measurement, baseline calibration was performed, and the operational
status and performance stability of the instrument were thoroughly checked. Parallel
sample analyses were carried out to minimize systematic and random errors throughout
the experiment.
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The raw three-dimensional fluorescence excitation–emission matrix (EEM) data were
processed via parallel factor (PARAFAC) analysis using EEM-toolkit 1.61. The detailed
analytical procedure for the model followed the method reported by Shu et al. [13].

2.7. Oxidative Potential Analyses

A precisely weighed 5 mg sample was submerged in an appropriate volume of ultra-
pure water and subjected to ultrasonication at room temperature for 30 min, followed by
centrifugation for 15 min. The supernatant was collected and filtered through a 0.45 µm
aqueous microporous membrane to obtain the test solution of water–soluble fractions.
Then, 1.5 mL of the above test solution was mixed with 2 mL of 0.1 mol/L phosphate
buffer solution (pH = 7.4) and 0.5 mL of 1 mM DTT solution, and vortexed thoroughly.
Next, 0.5 mL of the mixed reaction solution was accurately pipetted and added to 1 mL of
10% (w/v) trichloroacetic acid (TCA) solution. After mixing, the mixture was incubated
in a thermostatic water bath at 37 ◦C for reaction. At five time points (0, 15, 30, 45, and
60 min) during the water bath incubation, 2 mL Tris.EDTA buffer solution and 50 µL of
10 mM DTNB chromogenic solution were sequentially added to the system, followed by
thorough shaking. For each time point, six equal aliquots (250 µL each) of the reaction solu-
tion for each sample were transferred to the corresponding wells of a 96–well microplate.
Appropriate blank and parallel controls were set up. The microplate was read using a
multifunctional microplate reader at the wavelength of 412 nm. The absorbance data of
the water-soluble fractions of all samples at different reaction times were collected and
recorded for subsequent calculation.

2.8. Statistical Analysis

Spearman’s rank correlation analysis was performed using SPSS 27.0. Asterisk nota-
tion was defined as follows: * indicates correlation significant at the 0.05 level (two–tailed),
and ** indicates correlation significant at the 0.01 level (two–tailed).

3. Results and Discussion
3.1. OP Characteristics of Water-Soluble Fractions in Road Dust

Figure 2 illustrates the OP characteristics of water–soluble fractions in road dust from
different functional zones in Huainan City. The average OP value was
0.162 ± 0.079 pmol/min/µg, which was comparable to the levels reported by Li et al. [14]
for water–soluble fractions in road dust in Xi’an. Spatially, the OP of water–soluble road
dust exhibited distinct variations across functional zones. The commercial and industrial
zones showed significantly higher OP values compared to other zones, while the coal
mining zone exhibited the lowest OP (0.124 ± 0.054 pmol/min/µg). The OP level in the
commercial zone was approximately 1.7 times that in the coal mining zone, highlighting
pronounced inter–zonal differences. Previous studies have indicated that water–soluble
organic carbon and transition metals in particulate matter contribute substantially to its
OP [15,16]. The observed differences among functional zones were likely associated with
the distribution patterns of these components. It can thus be inferred that the spatial
variation in OP of water–soluble fractions in road dust across different functional zones in
Huainan might be closely associated with differences in the concentrations, distribution,
and interactions of major reactive components (e.g., water–soluble organic carbon and
water–soluble heavy metals). These differences stemmed from the distinct pollution source
profiles in each zone.
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Figure 2. OP values of water-soluble fractions in road dust from different functional zones of Huainan City.

3.2. Characteristics of WSOC in Road Dust and Its Fluorescent Components
3.2.1. Characteristics of WSOC in Road Dust

Figure 3 shows the concentration distribution of TC, TIC, and WSOC in water–soluble
fractions of road dust from different functional zones in Huainan City. Overall, the average
concentration of TC in the water–soluble fractions of road dust was 76.3 ± 62.6 mg/kg.
Specifically, the average TIC concentration was only 9.0 ± 10.8 mg/kg, while the average
WSOC concentration reached 67.3 ± 59.4 mg/kg, accounting for 88.2% of TC. This result
indicated that WSOC was the dominant component of TC in the water–soluble fractions of
road dust across the functional zones in Huainan City, with TIC contributing relatively little
to TC. Spatially, the distribution of carbon components in water-soluble fractions of road
dust exhibited significant variation among functional zones. The spatial pattern of WSOC
concentration corresponded closely to that of TC, further demonstrating that WSOC was
the primary factor driving the spatial differences in carbon components. Specifically, the
TC and WSOC concentrations in park, commercial, and residential zones were significantly
higher than those in other functional zones. The average WSOC concentration in these three
zones reached 113.4 mg/kg, which was substantially higher (approximately 5~6 times)
than that in the coal mining and power plant zones. This discrepancy is closely linked to
the pollution source characteristics of different functional zones: the park, commercial, and
residential zones are more strongly influenced by secondary transformation products of
biogenic volatile organic compounds, vehicle emissions, cooking fumes, and residential
activities, which likely contribute substantial amounts of water–soluble organic carbon
to the road dust. In contrast, the coal mining and power plant zones have sparse human
activity, and the road dust contains coal dust, mineral particles (e.g., coal gangue), and coal
combustion residues. The carbon in coal is predominantly present in forms that are poorly
soluble in water, such as refractory organic carbon and fixed carbon, resulting in limited
leaching into the water–soluble fraction. Consequently, the TC and WSOC concentrations
in the water–soluble fractions of road dust in these two functional zones were significantly
lower than those in other zones.
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Figure 3. Distribution of TC, TIC, and WSOC concentrations in the water–soluble fractions of road
dust from Huainan City.

3.2.2. Fluorescence Characteristics of WSOC Components in Road Dust

Figure 4 presents the three–dimensional fluorescence spectra of the water–soluble
fractions in road dust from different functional zones. Spectral matrices were analyzed via
the PARAFAC model, and two major fluorescent components (C1 and C2) were identified.
The spectral characteristics and sources of these two components differed significantly.
Only a single characteristic fluorescence maximum was observed for the component C1
(Figure 4a). And Component C1 exhibited maximum excitation and emission wavelengths
at 245 nm and 410 nm (Figure 4c), respectively, with a spectral signature highly consistent
with fulvic–like substances [17]. In terms of origin, Component C1 was primarily derived
from the humification processes of terrestrial plant residues, soil organic matter, and
biological remains [18]. The enrichment of this component in road dust essentially reflected
the input characteristics of terrestrial organic matter.

Figure 4. Three-dimensional excitation–emission matrix (3D–EEM) fluorescence spectra of water-
soluble fractions in road dust from Huainan City. (a) 3D-EEM contour plot of fluorescent component
C1; (b) 3D-EEM contour plot of fluorescent component C2; (c) Excitation (Ex) and emission (Em) load-
ing spectra of component C1; (d) Excitation (Ex) and emission (Em) loading spectra of component C2.
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Two separated characteristic fluorescence peaks could be observed in the Compo-
nent C2 (Figure 4b). Component C2 exhibited excitation/emission (Ex/Em) maxima at
225 (275)/325 nm (Figure 4d), a spectral profile characteristic of tryptophan–like substances.
This component is generally categorized as a readily biodegradable fraction within water–
soluble organic matter [19], and represents a core endogenous biogenic constituent of
water-soluble organic matter in road dust. Its abundance is closely associated with mi-
crobial metabolic activity in the environment [20]. During the microbial degradation of
organic matter, substantial amounts of tryptophan–like metabolites are produced; therefore,
the abundance of Component C2 can indirectly reflect the intensity and activity of regional
microbial processes [21]. In addition, Stedmon et al. [22] reported that external inputs
such as industrial and domestic wastewater, together with the associated microorganisms
and their metabolites, are also major sources of tryptophan–like substances. Wastewater,
solid waste, and food–service emissions from human activities contain abundant organic
matter available to microorganisms. Metabolic transformation of these substances produces
accumulated tryptophan-like fluorescent compounds, which then enter road dust through
surface runoff and atmospheric deposition. Accordingly, Component C2 was present at
markedly higher concentrations in areas with intense human activity, including residential,
commercial and park zones.

3.2.3. Fluorescence Intensity of WSOC in Road Dust

Figure 5 displays the fluorescence intensity of Components C1 and C2 in road dust.
It can be observed that the spatial patterns of two fluorescent components, C1 and C2,
differed significantly, and that their distribution was closely associated with the intensity
of human activities and environmental characteristics across different functional zones.
Although the total fluorescence intensity in the coal mining and power plant zones was
relatively low, the fluorescence intensity of Component C1 in these zones exceeded that
in functional zones such as parks, residential zones, and traffic zones. Component C1
(terrestrial humic–like substances) accounted for a relatively high proportion (all exceeding
60%) in the coal mining zone, power plant zone, industrial zone, and traffic zone, serving
as the dominant component of WSOC in road dust in these zones. Specifically, in the
power plant and coal mining zones, the proportions reached 65.3% and 63.8%, respectively,
indicating typical humic–like characteristics. According to Wu et al. [23], microorganisms
can also transform more bioavailable carbohydrates and protein molecules into recalcitrant
humic–like substances.

Figure 5. Fluorescence intensities of Components C1 and C2 in road dust from Huainan City.
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In contrast, Component C2 (biogenic organic matter) accounted for a higher proportion
in commercial, park, and residential zones. In particular, it constituted 60.9% in the
residential zone, representing the dominant component in that region. As areas with
intensive human activity, residential and commercial zones produce large amounts of
domestic waste, sewage, cooking emissions, and pet excrement, which provide abundant
substrates for microbial activity and promote the production of tryptophan-like microbial
metabolites. Meanwhile, the relatively high vegetation coverage in residential and park
zones contributes to continuous inputs of organic matter. The readily degradable organic
substances derived from microbial degradation of the vegetation enter road dust via
wind and vehicle disturbances, further increasing the proportion of Component C2. In
summary, the distinct proportional differences of Components C1 and C2 in road dust
across various functional zones clearly reveal that WSOC in road dust is jointly regulated
by the transformation of endogenous organic matter and exogenous anthropogenic inputs.
This finding provides a scientific basis for the precise management of road dust pollution
in different zones.

3.2.4. Sources of Fluorescent Components in WSOC from Road Dust

The fluorescence index (FI) is commonly used to infer the source of WSOC. An FI
below 1.4 usually indicates dominant terrestrial origin and low microbial activity, while
an FI above 1.9 points to dominant autochthonous sources derived mainly from micro-
bial processes [24]. In our study, FI values were greater than 2.8, indicating a strongly
autochthonous character and substantial biogenic contribution to WSOC in road dust.
The autochthonous index (BIX) is used to evaluate the contribution of autochthonous
sources to WSOC. A BIX value between 0.6 and 0.8 reflects mainly terrestrial inputs; a value
above 1.0 points to dominant biological or bacterial sources; and values in the range of
0.8–1.0 suggest mixed sources [25]. The BIX value obtained in this study was 0.86, demon-
strating that WSOC in road dust originated from both terrestrial and autochthonous sources.
The humification index (HIX) serves as an indicator of the degree of humification in WSOC.
An HIX value lower than 0.8 corresponds to a low degree of humification, with decreasing
values indicating progressively weaker humification [26]. In summary, WSOC in road dust
from the studied city exhibited a mixed–source signature, with autochthonous sources
being dominant and a relatively low degree of humification.

3.3. Characteristics of Heavy Metals in Water-Soluble Fractions of Road Dust

Table 1 presents the concentrations of water–soluble heavy metals in road dust from
Huainan City. The total concentration of water–soluble heavy metals was 43.46 mg/kg. The
concentration of individual water-soluble heavy metals followed the order: Fe > Sr > Cu >
Ba > Mn > V > As > Li > Ni > Cr > Sb > Ga > Co. In Huainan, Fe, Sr, Cu, Ba, and Mn were the
dominant components, together accounting for 89.4% of the total concentration, indicating a
pattern in which a few high–concentration elements dominated while lower–concentration
elements were distributed in a more diverse manner.

Figure 6 shows the distribution of total water–soluble heavy metal concentrations in
road dust from different functional zones of Huainan City. The highest total concentration
(74.5 mg/kg) was observed in the power plant zone, while the industrial and coal mining
zones showed lower total water–soluble heavy metal concentrations compared with other
functional zones. The lowest concentration (20.20 mg/kg) was found in the coal mining
zone, with the level in the power plant zone being about 3.7 times that in the coal mining
zone. Influenced by industrial type, emission patterns of pollution sources, and heavy
metal speciation, the accumulation of water–soluble heavy metals exhibited clear spatial
heterogeneity across different functional zones.
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Table 1. Concentrations (mg/kg) of water–soluble heavy metals in road dust from Huainan City.

Heavy Metal Type Concentration Standard Deviation

Li 0.745 0.527
V 0.902 0.547
Cr 0.464 0.295
Mn 1.774 2.044
Fe 18.580 13.677
Co 0.078 0.056
Ni 0.543 0.880
Cu 3.424 4.011
Ga 0.091 0.055
As 0.893 0.567
Sr 11.922 9.272
Sb 0.205 0.114
Ba 3.163 2.381

Figure 6. Total concentrations of water–soluble heavy metals in road dust from different functional
zones of Huainan City.

Table 2 presents the concentrations of water-soluble heavy metals in road dust from
different functional zones of Huainan City. The industrial structure of Huainan City is
centered on coal–fired power generation, with numerous coal–fired power units distributed
across the region. The continuous combustion of coal releases large amounts of iron-
containing particulate matter. Iron itself exhibits relatively high solubility, and under
acidic atmospheric conditions, it can undergo further transformation [27], which enhances
its dissolution potential. These particles eventually deposit onto the surface through
atmospheric dry and wet deposition, accumulating in road dust. Sr and its compounds
are used as additives in coal combustion to promote high–temperature sulfur fixation [28],
and Sr generally possesses high mobility and is readily leachable [29]. Fe and Sr are the
main contributors to water–soluble heavy metals in the power plant zone. Their combined
accumulation ultimately leads to a significantly higher total concentration of water–soluble
heavy metals in this zone. In contrast, road dust in the coal mining zone is dominated by
coal dust and mineral dust. Fe in coal mainly exists as sulfide–bound forms, which are
chemically stable and poorly water–soluble, resulting in minimal release into the water-
soluble fraction. Consequently, the total concentration of water-soluble heavy metals in
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the coal mining zone is the lowest in the city. Furthermore, V, Cu, and Ba reached their
highest levels in the traffic zone, while Cr, Co, and Ni showed pronounced enrichment
in the commercial zone. These heavy metals are mainly derived from traffic–related
pollution [30–32]. High traffic volumes in the traffic and commercial zones, along with
vehicle wear and exhaust emissions, are the primary drivers of the elevated concentrations
of these heavy metals.

Table 2. Concentrations (mg/kg) of water–soluble heavy metals in road dust from different functional
zones of Huainan City.

Traffic Park Industrial Coal Mining Power Plant Commercial Residential

Li 0.893 ± 0.423 0.612 ± 0.220 0.626 ± 0.236 0.477 ± 0.473 0.544 ± 0.144 1.431 ± 0.827 0.583 ± 0.12
V 1.430 ± 0.791 0.726 ± 0.296 0.900 ± 0.116 0.397 ± 0.168 0.587 ± 0.185 1.030 ± 0.546 1.163 ± 0.466
Cr 0.547 ± 0.295 0.528 ± 0.166 0.395 ± 0.374 0.290 ± 0.082 0.176 ± 0.055 0.678 ± 0.38 0.562 ± 0.127
Mn 2.943 ± 1.712 2.769 ± 1.38 0.941 ± 1.019 0.364 ± 0.401 1.214 ± 0.993 0.858 ± 0.498 3.187 ± 3.617
Fe 14.425 ± 7.229 19.478 ± 6.123 12.622 ± 6.449 7.438 ± 1.204 41.042 ± 24.19 23.748 ± 8.521 16.921 ± 5.732
Co 0.066 ± 0.029 0.130 ± 0.043 0.030 ± 0.02 0.040 ± 0.027 0.042 ± 0.024 0.150 ± 0.054 0.082 ± 0.031
Ni 0.255 ± 0.064 1.583 ± 1.791 0.085 ± 0.048 0.536 ± 0.705 0.241 ± 0.16 0.569 ± 0.197 0.459 ± 0.069
Cu 7.014 ± 6.291 1.893 ± 1.118 6.698 ± 4.69 0.273 ± 0.218 0.866 ± 0.221 3.341 ± 0.738 2.097 ± 0.256
Ga 0.114 ± 0.058 0.114 ± 0.054 0.035 ± 0.023 0.079 ± 0.034 0.055 ± 0.019 0.121 ± 0.037 0.111 ± 0.065
As 1.703 ± 0.867 0.769 ± 0.300 1.031 ± 0.329 0.400 ± 0.153 0.544 ± 0.145 0.719 ± 0.265 1.000 ± 0.206
Sr 11.372 ± 4.029 10.238 ± 3.046 9.450 ± 3.891 7.609 ± 5.816 27.609 ± 18.574 12.164 ± 4.189 8.937 ± 2.853
Sb 0.224 ± 0.107 0.312 ± 0.040 0.040 ± 0.014 0.286 ± 0.063 0.061 ± 0.019 0.209 ± 0.061 0.267 ± 0.034
Ba 5.600 ± 3.065 3.573 ± 1.744 2.820 ± 2.27 2.011 ± 1.269 1.516 ± 0.384 2.138 ± 1.002 4.071 ± 2.55

3.4. Factors Influencing the OP of Water-Soluble Fractions in Road Dust
3.4.1. Impact of Water-Soluble Heavy Metals in Road Dust on OP

Figures 7 and 8 illustrate the correlation between the OP of water–soluble fractions
in road dust and their chemical components across different functional zones. As shown,
in the industrial, coal mining, and power plant zones (three industry–related functional
zones), the OP of the water–soluble fractions in road dust exhibited significant positive
correlations with Mn and As, indicating that Mn and As were key factors regulating
the OP of water-soluble fractions in road dust in these regions. Transition metals can
act as catalysts, accelerating the formation of ROS via Fenton–like reactions and thereby
elevating OP levels [33]. Notably, the analysis revealed a significant positive correlation
between Mn and As. Combined with existing studies indicating that As acts as a tracer
for coal–combustion emissions [34], this correlation suggests that Mn and As might share
common pollution sources. Previous research has confirmed that the source of Mn is
closely associated with fuel–combustion processes [31]. Industrial and power plant zones
are generally equipped with fuel combustion facilities including boilers and coal–fired
generating units, which release pollutants containing Mn and As during operation. This
further supports the conclusion that Mn and As share a common origin.

In contrast to three industrial functional zones described above, the correlation pat-
terns in four non–industrial functional zones (commercial, residential, traffic, and park
zones) showed distinct differences. The OP of the water–soluble fractions in road dust in
these zones exhibited significant correlations with Co. Moreover, the positive correlation co-
efficients between Co and both Cr and Ni exceeded 0.50, representing substantially stronger
significant correlations than those observed for Co with other heavy metals. Among these,
Cr, Ni, and Co are representative elements of traffic sources [32,35]. This indicates that the
three elements share a common pollution source, namely traffic emissions. Considering the
actual environmental characteristics of these four non–industrial functional zones, where
pedestrian flow and vehicle volume are generally high, traffic–related emissions including
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vehicle exhaust, tire wear and road surface abrasion constitute a major pollution source of
road dust in these areas.

Figure 7. Correlations between OP and chemical components in the water–soluble fractions of road
dust from industrial, coal mining, and power plant zones. Note: * Correlation is significant at the
0.05 level (two–tailed); ** Correlation is significant at the 0.01 level (two–tailed).

Figure 8. Correlations between OP and chemical components in the water–soluble fractions of road
dust from traffic, park, commercial, and residential zones. Note: * Correlation is significant at the
0.05 level (two–tailed); ** Correlation is significant at the 0.01 level (two–tailed).

3.4.2. Impact of WSOC and Its Fluorescent Components in Road Dust on OP

The OP of the water-soluble fractions in road dust showed significant positive correla-
tions with TC and WSOC. In three industrial functional zones, the correlation coefficients
between OP and TC/WSOC were higher, which might be related to the carbon skeleton
structure and occurrence types of carbon in different functional zones. As a chemically
complex mixture, WSOC primarily contains functional groups such as carboxyl, hydroxyl,
carbonyl, and ether bonds, as well as various chemical components including dicarboxylic
acids, polyols, ketones, and aromatic hydrocarbons [36]. WSOC can interact with transition
metals via its surface functional groups, thereby promoting the formation of ROS, with
highly oxidized humic–like substances serving as the main binding sites for transition
metals [37]. Due to the pronounced influence of industrial activities in industrial, coal
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mining, and power plant zones, terrestrially derived humic-like substances account for a
relatively high proportion of WSOC, and Component C1 dominated the WSOC composi-
tion, becoming a major contributor to the OP of water–soluble fractions in road dust within
these zones.

In three industrial functional zones, WSOC showed significant positive correlations
with V, Mn, and As. Coal mining activities release substantial amounts of heavy metals
such as V, Mn, and As; V exhibited a significant positive correlation with Li, Mn, Cu,
and As; As serves as a tracer for coal combustion, whereas V, Cu and Mn originate from
industrial and traffic sources [31,32,38,39]. This pattern indicated that WSOC in these zones
was mainly derived from coal mining, industrial activities, and vehicle emissions. In four
non–industrial functional zones, WSOC was significantly correlated with Cr, Fe, Co, and Ni.
Fe showed significant positive correlation with Sr, Co, Li, Ni, and Ga. Crustal materials are
an important natural source of Sr in surface dust [40]. Co, Li, Cr, and Ni are predominantly
derived from traffic emissions. Thus, Fe originates from both natural crustal materials
and anthropogenic traffic sources. These relationships suggested that WSOC in the four
non–industrial zones was predominantly associated with traffic sources.

In three industrial functional zones, the OP of water-soluble road dust showed sig-
nificant positive correlations with WSOC, C1, and C2, indicating that WSOC, C1, and C2
were key factors regulating the OP of water–soluble fractions in road dust in these zones.
In contrast, in four non–industrial functional zones, the OP of water–soluble road dust
was only significantly correlated with WSOC, while the correlations with C1 and C2 were
markedly weaker, suggesting a relatively minor influence of C1 and C2 on OP in these
zones. This regional difference is likely attributable to variations in the structural composi-
tion of WSOC. In three industrial zones, Component C1 in road dust showed significant
positive correlations with Mn and As, while Component C2 was significantly correlated
with V, Cu, and As. In four non-industrial zones, Component C1 was significantly corre-
lated with Li, and Component C2 with Fe, Ni, and Co. Previous studies have suggested that
these transition metals may competitively displace C1 or C2 from the original complexes
formed between C1/C2 and water–soluble organic and inorganic components, thereby
enhancing fluorescence intensity [37]. These heavy metals may also undergo complexation
with certain chemical constituents in WSOC, subsequently enhancing OP via Fenton–like
reactions [41].

4. Conclusions
(1) The average OP of water-soluble fractions in road dust from Huainan City was

0.162 ± 0.079 pmol/min/µg. There were distinct differences in OP among different
functional zones. The commercial zone had the highest OP, and the coal mining zone
the lowest. The OP value of the commercial zone was approximately 1.7 times that of
the coal mining zone.

(2) The average WSOC concentration in road dust from Huainan City was
67.3 ± 59.4 mg/kg, accounting for 88.2% of TC. The WSOC concentrations of road dust
in park, commercial, and residential zones were significantly higher than those in coal
mining and power plant zones (approximately 5–6 times higher). Fluorescent compo-
nents of WSOC were primarily C1 (fulvic–like substances) and C2 (tryptophan–like
substances), and their proportions differed among various functional zones. WSOC
in road dust of the city presented a mixed–source signature, which was dominated by
autochthonous sources and had a low humification degree.

(3) The average total concentration of water-soluble heavy metals in road dust from
Huainan City was 43.46 mg/kg. Among the different functional zones, the power
plant zone had the highest total concentration, and the coal mining zone had the
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lowest. Fe and Sr were the major contributors to water–soluble heavy metals in the
power plant zone. V, Cu, and Ba had the highest concentrations in the traffic zone,
while Cr, Co, and Ni were markedly enriched in the commercial zone.

(4) The factors affecting the OP of water–soluble fractions in road dust differed among
functional zones. In the four non-industrial zones, OP was correlated with carbon
fractions (WSOC), as well as heavy metals such as Co. In contrast, OP in the three
industrial zones had significant positive correlations with WSOC, C1, C2, As, and Mn.

5. Recommendation
This study explored the characteristics and influencing factors of the oxidative po-

tential of water-soluble fractions in road dust from various functional zones of a coal-
resource-based city. Comparative analysis of oxidative potential between water-soluble
and water-insoluble fractions should be carried out in future studies to differentiate their
oxidative potential levels and corresponding influencing factors. Furthermore, the mecha-
nisms behind oxidative potential formation driven by interactions between organic matter
and heavy metals should also be explored in depth. Combined cellular toxicology experi-
ments are also recommended to validate the health risk assessment results.
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