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Abstract

Urban road dust is an important way for people to contact potentially toxic elements
(PTEs). However, the correlation between the bioaccessibility of PTEs in road dust and
the contribution rate of pollution sources has not yet reached a consensus. Road dust
was divided into three particle sizes (<63, 63-125, and 125-250 um). Then, the Mantel
test was used to analyze the correlation between the contributions of the four pollution
sources (composite sources, traffic sources, industrial sources, and fuel combustion) and
the bioaccessibility of PTEs. Finally, by incorporating bioaccessibility into the health risk
assessment system, Ni was identified as the priority lifetime carcinogenic risk element and
fossil fuel combustion as the priority pollution source. The remediation target obtained
by the probabilistic risk assessment of bioaccessibility guidance is 3.91 times the target
value based on the total content and reduces carbon emissions by 22.6%. Overall, this
study not only enhances the precision of identifying pollution sources and pollutants in
complex urban environments by integrating PMF with the bioaccessibility of PTEs but also
highlights the potential value of bioaccessibility in urban environmental management for
carbon emission reduction. This facilitates the implementation of precise risk assessments
and low-carbon sustainable development.

Keywords: health risk; potentially toxic elements; bioaccessibility; pollution source; carbon
reduction

1. Introduction

With the rapid development of the industry, fossil fuels are consumed in various
human production activities, and a large amount of CO, and potentially toxic elements
(PTEs)-containing dust are discharged into the atmospheric environment, resulting in
a series of health problems, such as climate change and human health [1,2]. Urban air
pollution is a serious issue, especially with the number of people living in cities exceeding
50% of the worldwide population [3,4]. Road dust is a key cause of urban air pollution
because it can accumulate various environmental pollutants that are harmful to humans,
with PTEs receiving significant attention due to their toxicity and bioaccumulation [5,6].
Accidental ingestion serves as a critical pathway of population exposure to PTEs in road
dust for urban populations, especially children with frequent hand-to-mouth contact [7,8].
For children with elevated blood lead levels, a strong correlation has been found with Pb in
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road dust content [9]. This is due to children experiencing 3 to 15 hand-to-mouth contacts
per hour during daily outdoor play, resulting in a daily dust intake of approximately
200 mg [10,11]. Therefore, accurate assessment and efficient control of PTEs” health risks in
road dust is essential for urban public health.

The complexity of PTE sources in urban road dust is a major challenge for its manage-
ment. A report summarized that Zn (250 mg kg~!), Cu (100 mg kg 1), and Cd (0.3 mg kg~1)
in road dust in many urban areas of China exceeded the “maximum permissible concentra-
tions of potentially toxic elements” [12]. In addition, previous reports showed industrial
activities to be the main pollution source of PTEs in road dust of Nanjing, China [3]. In
Katowice, coal combustion and industrial activities dominate PTE sources, and As in road
dust poses health risks to children [13]. In Beijing, As, Cr, and Ni in road dust present cancer
risks to children, with vehicle exhaust being the largest contributor [14]. In Datong, despite
the high contribution of traffic sources to PTEs in road dust, the chromium and smelting
industry emissions are the main factors causing cancer risks to children [15]. Although
these cities have varying industrial histories, the sources causing health risks to the public
differ significantly.

Reliable and advanced risk assessment indicators not only accurately control prior-
ity pollutants in the process of urban governance but also reduce carbon emissions [16].
Traditional pollution and health risk assessments are mostly based on total content. Inte-
grating bioaccessibility into the probabilistic framework plays an important role in reducing
overestimation [17]. As reported by a previous study [18], As was found to be the main
non-carcinogenic risk contributor based on total PTE concentrations in Jinan, while V
became the largest non-carcinogenic risk contributor when assessed via bioaccessibility.
The bioaccessibility of PTEs in road dust could be influenced by various factors. Research
indicates that particle size is a key determinant of health risks, with particulate matter
smaller than 50 um serving as a reliable indicator for health assessments [9]. This is because
fine particles contain higher levels of organic matter compared to coarse particles, signifi-
cantly enhancing the bioavailability of PTEs [19]. However, another research reported that
Cu, Zn, and Cd bioaccessibility in coarse particles in road dust was higher than that of
fine particles [20]. In brief, particle size impacts PTE bioaccessibility in road dust, but it is
not the root cause. For instance, in traffic-sourced dust, extractable iron and manganese
correlate with anthropogenic origins, whereas non-extractable iron and manganese are
soil-associated [21]. Compared to natural sources, Pb in road dust under anthropogenic
conditions was inferred to achieve higher bioavailability [20]. Therefore, sources play a
major role in influencing PTE bioaccessibility in road dust. Previous studies quantified the
correlation between Pb bioaccessibility and Pb isotope composition and sources [22,23]. In
general, PTEs in urban road dust are significantly affected by pollution sources. However,
the specific methods for efficiently analyzing the bioaccessibility and pollution sources of
multiple PTEs in urban road dust remain unclear.

The potential applications of bioaccessibility in urban management extend far beyond
this. Traditional content-based risk assessment usually leads to an overestimation of health
risks, which also increases the cost and carbon emissions in the governance process [16,18].
Recently, a study employed bioaccessibility to assess health risks at As-contaminated
sites, with carbon emissions during remediation projected to decrease by 155,414 t CO2e
compared to traditional assessment methods [17]. In urban environmental management,
every aspect of road dust control is accompanied by carbon emissions. For example, some of
the dust from industrial activities is accompanied by fossil fuel combustion and equipment
operation. These dusts are discharged into the atmospheric environment after being treated
by dust removal facilities. Most of the previous studies focused on the optimization of
industrial production technology [24,25]. Therefore, the incorporation of bioaccessibility
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into the risk assessment system not only avoids the overestimation of health risks but
also achieves scientific inference of governance endpoints through accurate assessments to
achieve the purpose of carbon emission reduction. Till now, few studies have focused on
carbon emissions from industrial waste gas treatment.

This study was conducted due to the current lack of effective methods for analyzing
the bioaccessibility of PTEs in road dust and their correlation with pollution sources
after incorporating bioaccessibility into the urban road dust health risk, and the lack of
awareness of the potential application of bioaccessibility in carbon emission reduction in the
process of urban management. To enhance result reliability, road dust from Jinan City was
collected, sieved into three particle sizes, and used to investigate the relationship between
PTE bioaccessibility and sources across different particle sizes. The specific objectives
of this study were to (1) analyze the characteristics and sources of PTEs in road dust
of different particle sizes, (2) explore the correlation between contributions of pollution
sources and bioaccessibility of PTEs in road dust of different particle sizes, (3) prioritize
recommendations for pollution source management based on the bioassessible-based health
risk assessment of PTEs in road dust, and (4) derive a remediation target via bioaccessibility
and evaluate the corresponding carbon emission reduction.

2. Materials and Methods
2.1. Sample Collection, Preparation, and Analysis

Jinan (36.67° N, 117° E) is the capital of Shandong Province, China, and a typical
industrial city with a large population and a prominent historical pollution problem. By late
2019, the number of private vehicles in Jinan reached about 2.6 million [26]. A large number
of industrial parks are distributed in the western part of the city, including machinery,
boilers, electroplating plants, steel, and electrical manufacturing industries. The city center
includes residential, educational, and commercial areas, with a complex road network
and high traffic flow. Previous studies have shown that PTEs in road dust from Jinan
have a complex source profile [18,26], which aligns with the requirements of this study.
Therefore, road dust from Jinan was selected as the research subject. Sampling point figures
are shown in Figure S1 in the Supplementary Materials. In this study, a total of 100 road
dust samples were collected. Individual dust samples were sampled using polyethylene
brushes and trays, sealed in polyethylene bags, numbered, and taken back to the laboratory.
Considering the influence of the basic lithology of the soil in the sampling area on the
content of road dust PTEs, soil samples (>20 cm depth) were collected using a soil corer.
All operations were carried out in accordance with the GB/T36197-2018 standard issued by
the Standardization Administration of China [27], where the distance between each two
neighboring samples was >200 m.

In the lab, all dust samples were naturally air-dried at room temperature and then
homogenized. The dust particle size was determined by the Breuning-Madsen and Awadzi
(2005) method with modification [28]. For further analysis, samples were separated into
three sizes by sieving through a nylon sieve, including total size (<250 um), size 1 (<63 pm),
size 2 (63-125 um), and size 3 (125-250 um). The total As, Cd, Cr, Ni, Pb, Cu, Ti, V, and Zn
contents in the different-sized road dust samples were determined via inductively coupled
plasma mass spectrometry (ICP-MS, iCAP RQ, Thermo Scientific, Madison, WI, USA)
following digestion using the US EPA 3050B method. Details regarding the determination
of particle size distribution, digestion, and all quality control and quality assurance can be
found in Texts S1 and S2. The technology roadmap is provided in Figure S2.
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2.2. Source Analysis
2.2.1. Enrichment Factor

The enrichment factor (EF) was used to assess the level of a single PTE pollution. The
formula is as follows:
EF = (Cn X Bref)/(Cref X Bn) @

where C, and By, are the measured contents of elements (mg kg~!) in the sample and
background, respectively. C,of and B¢ are the contents of reference elements in the sample
and background. In this study, the background values in soil were obtained from the
collected deep soil (Table S1). Ti was selected as the reference element in this study, with
the assumption that Ti is derived exclusively from crustal material [29]. The classification
criteria of EF are provided in Table S2.

2.2.2. PMF Modeling

In this study, the U.S. Environmental Protection Agency (EPA) PMF 5.0 model was
used to analyze the sources of PTEs in road dust of different particle sizes [30]. Two data
packages, including the sample PTE content and sample PTE uncertainty information,
were prepared. The uncertainty (Unc) was obtained by calculating the specified method
detection limit (MDL). Details regarding the MDL determination method are provided in
the Supplementary Material. When the content was not greater than the MDL:

Unc =MDL x 5/6. ()

If the content was greater than the MDL, Unc was calculated based on the content
fraction and the MDL.:

Unc = ((Error fraction x concentration)? + (0.5 x MDL)2)1/ 2 3)

The PTE content and uncertainty information files were imported into the model, and
the signal-to-noise ratio (S/N) < 2 was defined as weak [31]. Different numbers of factors
were then tested for iterative PMF runs to ensure that the best-fit parameter Q was obtained.
The stability detection method of the dataset and output results is provided in Text S5.

2.3. Health Risk Assessment Based on Oral Bioaccessibility Using the In Vitro Method
2.3.1. Bioaccessibility of PTEs via SBRC In Vitro Method

The gastric phase of the solubility bioaccessibility research consortium (SBRC) method
was applied in this study due to its superior predictive strength of the relative bioavailability
of PTEs in road dust [22]. Details are provided in Supplementary Material. All samples were
then diluted with 0.1 mol L~! HNO3, and the contents of carcinogenic elements (As, Cd,
Cr, Ni, and Pb) were determined via ICP-MS. The formula for calculating bioaccessibility is
as follows:

Bioaccessibility (70) = (Cpiaccessible X 100)/Ciotal, 4

where Cpioaccessible 15 the bioaccessible content of PTEs in the road dust sample, and Cygy
denotes the total content.

2.3.2. Health Risk Assessment

Following the recommendations of the USEPA [32] and USEPA [33], the health risk as-
sessment (HRA) method categorizes the potential health risk of PTEs into non-carcinogenic
risk (NCR) and lifetime carcinogenic risk (LCR). Non-carcinogenic risk can be summa-
rized by the hazard index (HI), with total lifetime carcinogenic risk (TLCR) integrating
individual risks from the carcinogenic PTEs. To obtain a more accurate potential health
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risk from PTEs (As, Cd, Cr, Ni, and Pb) exposure through hand-to-mouth behavior, the
bioaccessibility of PTEs was incorporated into the traditional HRA method. The simulated
population was categorized into children and adults according to physiological variations
for non-carcinogenic risk. The average daily dose (ADDjngest, mg kg’1 day’l) was sub-
sequently used to predict exposure via the ingestion pathway. HI was calculated by the
quotient of ADDjngest and the reference dose (RfD) of different PTEs. Lifetime average
daily doses (LADDs) were used to evaluate the cancer risk of five carcinogenic PTEs, with
LCR calculated by the product of LADDjpgest and the slope factor (SF;) of different PTEs
to estimate an individual exposure to carcinogenic risk during a lifetime. The calculation
formulas are as follows:

ADDjpgest = (Ci X Ringest X EF x ED x 107%)/(BW x AT), (5)

HI=) HQ=) ADD;/RfD;, (6)

LADDingest =Ci x EF x (Ringest>< EDchild /BWchild + Ringest>< EDagduit/BWaguit) X 10_6/ AT, 7)
TLCR =) LCR = ) 'LADD;/SF;, (8)

where C; represents the bioaccessible content of PTEs (mg kg’l), Ringest represents the
ingestion rate (kg d '), EF is the exposure frequency (d year~!), ED represents the exposure
duration (year), BW denotes human body weight (kg), and AT represents the period over
which the dose was averaged (d). The potential non-carcinogenic effect could occur when
HI > 1, while if TLCR > 1074, it indicated a significant lifetime carcinogenic risk. The
acceptable level of carcinogenic risk was when TLCR < 10~. The exposure parameters for
the Chinese population were the same as in a previous study (Tables S5 and S6) [18].

In addition, the Monte Carlo simulation method was employed for health risk as-
sessment to avoid overestimating or underestimating risks due to the use of deterministic
parameters [26,34]. In Crystal Ball 11.1.2.4, 10,000 Monte Carlo simulations of the fre-
quency and cumulative probability of health risks for the population exposed to PTEs were
performed [15].

2.4. Statistical Analysis

The results were statistically analyzed via SPSS software (version 26.0, Chicago, IL,
USA). Analysis of variance (ANOVA) with a Tukey post hoc was used to compare PTE
content and bioaccessibility in different particle sizes. Mean differences were considered
statistically significant when p < 0.05. Pearson analysis was used to determine the corre-
lation between the biological accessibility of different PTEs. The Mantel test was used to
determine the correlation between pollution factors and the PTE content or bioaccessibility.
Pearson’s r coefficient at p < 0.05, p < 0.01, and p < 0.001 indicates a significant correlation.

3. Results and Discussion
3.1. Road Dust Characteristics

Road dust in Jinan was dominated by size 1 (83.3 & 5.26%), which was significantly
higher than size 2 (10.3 &£ 3.98%) and size 3 (5.42 & 2.42%) (Table S6 and Figure S4). This is
consistent with many cities [10,20,35].

The contents of five carcinogenic PTEs in road dust of three particle sizes and total size
were compared (Table S7 and Figure 1). The contents of PTEs followed the order of Cr > Ni
> Pb > As > Cd. The results are similar to those of other industrial cities in China [36,37].
Although the contents of PTEs in size 1 can predict the total PTE contents in road dust at a
ratio of 0.56-1.12, PTEs in size 2 and 3 road dust also deserve attention due to the potential
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for urban industrial structure adjustment. Previous reports suggest that fine-grained
particles usually have higher PTEs [10,20,38]. In this study, dust in size 3 showed the highest
contents of Cr (66.9 = 30.4 mg kg 1), Ni (63.7 429 mg kg '), and Pb (36.2 +- 24.8 mg kg 1),
while Cd (0.60 + 0.54 mg kg~ ') was most concentrated in size 2 (p < 0.05). In contrast
to earlier research, which focused on dust collected near emission sources, this study
examined urban road dust that was influenced by a variety of potential pollution sources
(such as high vehicular traffic, building construction, demolition activities, and industrial
activities). The levels of PTEs in road dust can be affected by different contributions of these
sources [39]. The evidence is that the coefficient of variation for Cd, Ni, and Pb showed high
variations (CV > 30%), especially Cd (74.9-93.2%), indicating that the content distribution
of sampling points is uneven due to differences in anthropogenic emissions.
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Figure 1. Box plots of 5 PTE contents (mg kg~ ') in different particle sizes (size 1: <63 um, size 2:
63-125 pm, size 3: 125-250 pum, and total size: <250 um) of Jinan city.

3.2. PTE Sources Identify

To investigate the source apportionment of PTEs in road dust, Pearson correlation
analysis was conducted to identify correlations among PTEs. In addition, the PMF model
was employed to quantify the potential sources of PTEs (Figure 2). The appropriate number
of PMF model extraction factors is determined to be four by applying the minimum
objective function Q of the residual matrix.

The common characteristic elements of factor 1 were As (45.2-76.1%), Cr (33.6-53.8%),
Pb (39.1-45.1%), Ti (49.2-58.9%), and V (49.9-60.4%) in the three size fractions, which were
found to be generally derived primarily from natural geological weathering processes [40].
Factor 1 exhibited the highest contribution rate of 28.8-34.6% (Figure S5). In this study,
the average EFs of As (0.94-1.18), Cr (1.50-1.85), Pb (0.97-1.36), and V (0.98-1.02) for road
dust were less than 2 (Table S7 and Figure S6), indicating that As, Cr, Pb, and V were
mainly derived from natural sources. However, factor 1 was significantly related to Cd,
Cu, and Zn in both sizes 2 and 3 dust (p < 0.05) (Figure 2d,e). These PTEs are generally
considered to be closely linked to anthropogenic activities. Previous studies have identified
a composite source in road dust, including natural, traffic, and combustion sources [41].
This is attributed to the resuspension of road dust and its subsequent deposition onto the
surface layer of soils adjacent to roads, which increases the PTE content in the surface
soil [9,21,26,34]. Therefore, factor 1 was identified as a composite source.

Factor 2, which accounted for 24.3-26.8% of the contribution rate, had a significant
correlation with Cd, Cu, Pb, and Zn (p < 0.05). EF results showed that the pollution
levels of Cd (5.93-8.25), Cu (2.04—4.31), and Zn (4.24-5.12) exceeded moderate pollution,
indicating that they were from anthropogenic sources. Cd, Pb, and Cu were derived from
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the automotive parts wear and leaded gasoline, while Zn was mainly derived from tire
wear [34,42]. Although the application of lead-containing gasoline has been restricted for a
long time in China, there are still a lot of Pb elements in road dust [43,44]. These Pb are
derived from previous traffic emission deposits and are still highly correlated with traffic
sources. Therefore, factor 2 was presumed to be a traffic source.
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Figure 2. Source contributions of road dust with different particle sizes obtained via PMF modeling.
Identify the correlations between PTEs and sources by combining Mantel correlation analysis and
the PMF model. (a,d) represent dust in size 1, (b,e) represent in size 2, (c,f) represent in size 3, and
(d—f) were generated using the online data visualization platform ChiPlot, https://www.chiplot.
online/ (accessed on 7 October 2025). Marks indicate significant correlation at p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***), respectively.

Factor 3 showed a contribution rate of 19.4-21.8%. The characteristic elements of
factor 3 are Cd (73.9-86.7%), Cr (7.80-18.2%), and Ni (0.67-22.8%). These PTEs are usually
associated with a variety of industrial processes. The northern part of Jinan comprises
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highly industrialized areas, including steel mills, electroplating plants, and chemical plants.
For example, the main industrial process of Jinan Yuxing Chemical Plant, located in the
north of Jinan, is chromium salt manufacturing [26]. The battery dismantling activities of
Shandong Higgs New Energy Company could produce cadmium and copper-containing
particles [45]. These industrial activities become the important sources of PTEs in factor 3 [4,46].
Therefore, factor 3 was identified as an industrial source, which was basically consistent
with the field survey.

Factor 4 was mainly loaded on Cu (0.05-43.3%), Ni (0.01-43.3%), and Pb (65.4-77.0%),
with a contribution rate of 19.3-25.0%. Notably, the similar contribution rates of factor 3 and
factor 4 in the three particle sizes indicate a potential correlation between these two factors.
These elements were typically associated with fossil fuel combustion [47]. Meanwhile, there
was a close relationship between the use of fossil fuels and industrial production. Therefore,
factor 4 was associated with fossil fuel combustion. Fossil fuel combustion may be the
primary anthropogenic source driving Ni pollution levels beyond moderate pollution. It is
worth noting that studies have shown that particulate matter produced by different fossil
fuel combustion has different adsorption capacity for PTEs [48], which may have an impact
on the bioavailability of PTEs.

Notably, the contribution rate of composite sources decreases with increasing particle
size, while that of traffic sources shows an upward trend (Figure S5). The fossil fuel
combustion source has the highest contribution rate in size 2 of road dust. In contrast, the
contribution rate of industrial sources remains stable across different particle sizes.

3.3. Effect of Source on the PTE Bioaccessibility

The bioaccessibility of five typical carcinogenic PTEs in road dust of different particle
sizes was assessed using the SBRC method (Figure S7). The mean bioaccessibility of PTEs
in the total size of road dust followed the order of Cd (66.1%)> Pb (51.0%) > As (25.9%) > Ni
(11.3%) > Cr (9.21%), which was similar to the street dust in Nanjing (Hu et al., 2011) [36].
The bioaccessibility of As, Cr, Ni, and Pb increased with decreasing dust particle size.
For example, As (26.2%), Cr (9.44%), Ni (11.6%), and Pb (52.5%) showed the highest
bioaccessibility in size 1 dust, consistent with previous reports that fine particles have
higher bioaccessibility of PTEs [19,20,38]. In contrast, Cd displayed an opposing size-
dependent trend, and its bioaccessibility increased with the increase in dust particle size.
Specifically, the highest bioaccessibility of Cd (78.1%) is observed in the size 3 fraction. In
this study, the pollution sources and enrichment factors of PTEs indicated that Cd was more
significantly affected by anthropogenic activities. Therefore, we speculated that pollution
sources were one of the important factors affecting the bioaccessibility of PTEs.

To effectively allocate the impacts of different sources on the bioaccessibility of PTEs,
Pearson correlation analysis was used to determine the correlations between the bioaccessi-
bilities of PTEs. Then, the correlations between pollutant source factors and bioaccessibility
with different particle sizes were analyzed using the Mantel test (Figure 3). When the
pairwise comparison of the dust PTE bioaccessibility showed a strong correlation (r = 0.6),
this indicated a potential common source [49]. In size 1 dust, the contribution of industrial
sources was significantly correlated with the bioaccessibility of Cd (p = 0.013). In size 2, traf-
fic sources were significantly correlated with the bioaccessibility of Ni (p = 0.008), industrial
sources were significantly correlated with the bioaccessibility of Pb (p = 0.038), and fossil
fuels were significantly correlated with the bioaccessibility of Cd (p = 0.041), Ni (p = 0.001),
and Pb (p = 0.001). Meanwhile, the bioaccessibility of Ni and Pb showed a strong correlation
(r = 0.70), indicating that the bioaccessibility of Ni and Pb was strongly affected by fossil
fuels. In size 3, traffic sources were significantly correlated with the bioaccessibility of Cr
(p = 0.019), industrial sources were significantly correlated with the bioaccessibility of Ni
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(p = 0.037), and fossil fuels were significantly correlated with the bioaccessibility of Pb
(p = 0.006). Notably, although the industrial source contributed 86.7% to Cd in size 3 road
dust, no correlation was found between Cd bioaccessibility and industrial source contri-
butions. A similar report indicated that when the bioaccessibility of Pb in mixed particles
is comparable to that of Pb in fly ash sources, the bioaccessibility of Pb in particles does
not change with the increase in fly ash contribution rate [50]. Therefore, we speculate that
the bioaccessibility of Cd in size 3 road dust may reflect the solubility of Cd in industrial
sources. More importantly, the trend of the contribution rate of industrial sources to PTEs
with particle size was consistent with the changes in the bioaccessibility of Cd, Cr, and Ni.
For example, the contribution rate of industrial sources to Cd increases with the increase
in dust particle size (from 73.9% to 86.7%), and the bioaccessibility of Cd also increases
with the increase in particle size (from 66.4% to 78.1%). The contribution rate of industrial
sources to Cr (from 18.2% to 7.80%) and Ni (from 18.3% to 0.67%) decreased, resulting
in a decrease in the bioaccessibility of Cr (from 9.44% to 6.76%) and Ni (from 11.6% to
9.24%). The above data indicated that industrial sources led to higher bioaccessibility of
PTEs, which was consistent with previous research results [18,51]. Overall, variations in
anthropogenic sources (especially industrial sources) are the key driving factor for the
change in PTE bioaccessibility in road dust.

(a) Size 1 (b) Size 2

@ Factor 1

@ Factor 1

As As
@ Factor 2

Cd © ] Cd
@ Factor 3

}} 9 Factor 2

@ Factor 3

]| O
O
2
]
|
o}

© Factor 4  — 1

Ni O O ] Ni
| I

O ()] 1 O Fes T O | O O

(c) Size 3

@ Factor 1 Pearson's r Mantel's r
As ! — 025-0.5
— <
@ Factor 2 0.5 0.25

> Factor 4

(3]
O

0 — positive
D cd o === negative
@ Factor 3 —0.5
[] Cr -1
Mantel's p
@ Factor 4 @ <=0.001
O Ni | @ 0.001=x<=0.01
- / 0.01<x==0.05
||/ >0.05
0 Ol o | e ]7

Figure 3. Pearson correlations between the bioaccessibility of different PTEs, and correlations between
pollutant source factors and the bioaccessibility of PTEs in (a) size 1, (b) size 2, and (c) size 3 road
dust obtained using the Mantel test. Marks indicate significant correlation at p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***), respectively.

3.4. Bioaccessibility-Specific Health Risk Assessment

A Monte Carlo simulation was conducted to evaluate the non-carcinogenic risk (NCR)
(Figure 4) and lifetime carcinogenic risk (LCR) (Figure 5) posed by the bioaccessible content
of PTEs in three sizes of road dust via oral ingestion. This method minimizes the uncertainty
of health risk assessment by considering the variability in exposure factors (exposure
frequency and dust ingestion rate) and the uncertainty characteristics of PTEs concentration.
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Figure 4. Probability distribution and mean values for bioaccessible-based (a) hazard index (HI),
and for the hazard quotient (HQ) of (b) As, (¢) Cd, (d) Cr, (e) Ni, and (f) Pb. The blue, green,
orange, and pink vertical dashed lines represent the mean values for size 1, size 2, size 3, and total
size, respectively.

The hazard index (HI) and hazard quotient (HQ) values for the five PTEs detected in
road dust were generally below the safety threshold (<1), indicating that non-carcinogenic
risks posed by these metals were within acceptable limits for the population (Figure 4).
Children are a sensitive group that needs more attention because their cumulative non-
carcinogenic risk is one order of magnitude higher than that of adults. Specifically, for the
three particle sizes of dust, the bioaccessibility-specific HQ values for both children and
adults followed the order: As > Pb > Cr > Cd > Ni. The HI values varied with particle
size distribution, with size 1 > size 3 > size 2, indicating the fine particle dust providing
the highest non-carcinogenic risk. Similar results were obtained by others, with fine
particle dust (such as <50 um and <63 um) having the highest non-carcinogenic risk [10,52].
Therefore, regarding non-carcinogenic risks, pollution sources of As in fine particles require
prioritized management, and regulating composite sources and industrial sources (which
contributed 45.2% and 30.4% to As in size 1 road dust, respectively) is an effective measure
to reduce health risks.

https://doi.org/10.3390/su18052255


https://doi.org/10.3390/su18052255

Sustainability 2026, 18, 2255

11 of 16

Size 1 Size 2 Size 3 Total size
10°° Negligible risk Lifetime carcinogenic risk
100 100 e 100 Ty
-~ |® M as o 7 7 ©Cd |
c\c 1 1 y I
< 804 | 80 /e / 80 :
= 1 1 I 1 h
= 1 1 | 11
= 1 1 1 i -
Z 60 : Mean=5.50 x 107 60 - : / Mean=1.36 x 10°° 60 - /: Mean=8.37 x 10
E 1 [} 1
=W 1 1 ] I
2 40! 40 b i 404 % |
- 1 1 l f1 v
.L; 1 Size 1:100% >107° 0 Siee 1:88.0% =107 i Size 1:18,8% =107
1 1 | fih
E 204 . 204 yf 20 {1y
= I I 1 { ya
U 1 /1 I ‘,F /1
1 1 | 4 I
0+ T T 0 — T 0 — T
0.0 50:107%  1.0x107°  1.5x107% 0 1107 2x107° 3107 U 1107 21070 3x107"
TLCR LCR LCR
100 100 = - 100
—_ () Cr (e)Ni I H Pb |
e\c 1 1 1
T 80 804 ; 80 - .
£ | : :
= 1 I ]
= 1 1 1
£ 604 Mean=1.66 x 107 604 :/ Mean=3.25 x 107 60 fi/ Mean=4.62x 107
g |
=™ 1 I d
E 40 1 40 + ; . 40 |
i 1 I 1
= 1 i Size 1:100% > 10°° 1
= 1 1 fi
g 20 20 1 i 20 4 SN
= 1 1 / 1
] 1 I / |
1 I / 1
0 0 1 L 0 1

T T T
0 1x107% 2x107% 3x107% 4x107® 0
LCR

T T T T
0 2x107%4x107% 6x107¥ 8x107% 1x1077
LCR

T T T
2x107%  4x107% 6x1076 8§x10°°
LCR

Figure 5. Probability distribution and the percentage overpassed 10-6 for bioaccessible-based (a) total
lifetime carcinogenic risk (LTCR) and lifetime carcinogenic risk (LCR) index of (b) As, (¢) Cd, (d) Cr,
(e) Ni, and (f) Pb. The black vertical dashed line represents the acceptable threshold (1079). The blue
background represents a negligible risk, and the red part represents a lifetime carcinogenicity risk.

Although the non-carcinogenic risk of PTEs in different particle sizes of dust was
within the acceptable range, the total lifetime carcinogenic risk (TLCR) exceeded the accept-
able threshold (107°) in this study (Figure 5). The mean TLCR value of road dust reached
5.52 times the acceptable threshold for total size, indicating a significant carcinogenic risk
in the study area. Meanwhile, dust in size 3 exhibited the highest TLCR (6.35 x 10~°), with
size 2 (6.01 x 107°) and size 1 (5.50 x 10~°) following in lower order. The mean lifetime
carcinogenic risk (LCR) values varied with five PTEs, with the order of Ni (3.31 x 107%) >
As (1.31 x 107%) > Cd (8.51 x 10~7) > Pb (4.57 x 10~8) > Cr (1.65 x 10~8) for total size dust.
The exceedance rates of LCR for Ni, As, and Cd were 100%, 85.1%, and 21.5%, respectively.
In addition, As showed the highest LCR in size 1 dust, Cr showed the highest LCR in size
2, and Cd, Ni, and Pb showed the highest LCR in size 3. Although size 3 fraction had the
highest TLCR, size 1 road dust had a greater impact due to its dominance in road dust
(83.3% vs. 10.3% and 5.42%). Therefore, pollution sources of Ni, As, and Cd in fine particles
need prioritized management in this study area, particularly for Ni sources.

The Mantel test results show that in size 1 road dust, the total content of Ni is sig-
nificantly correlated with traffic sources, industrial sources, and fossil fuel combustion
(Figure 2d). Fossil fuel combustion should be prioritized, as it provides the highest contri-
bution rate of Ni in road dust (43.3%) (Figure 2a). Additionally, the particle size distribution
of road dust may be altered due to adjustments in urban industrial structures. If the
proportion of dust in size 3 increases, it will lead to higher health risks, because dust in
size 3 has a higher TLCR. For example, the total concentration and bioaccessibility of Ni
are significantly correlated with industrial sources in size 3. Therefore, strengthening the
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management of industrial emissions (including industrial production and emissions from
fossil fuel combustion) can effectively control the total concentration of Ni in road dust and
the health risks based on bioaccessibility.

3.5. Implications of Bioaccessible-Based Health Risks for Carbon Emission Reduction

In this study, size 1 road dust had the greatest impact on overall lifetime carcinogenic
risk, with Ni from fossil fuel combustion being the primary risk element.

The PMF model was used to distribute Ni in road dust, of which 18.3 mg kg~! was
derived from fossil fuel combustion. According to the conservative value of Ni bioaccessi-
bility (25.6%), the bioaccessible-Ni concentration produced by fossil fuel combustion was
simulated to be 4.67 mg kg ~!. Considering the bioaccessibility, the population still faces an
unacceptable lifetime cancer risk threshold. The results showed that the LCR after bioac-
cessibility adjustment was only 25.6% of the conventional assessment value (3.55 x 107°
vs. 1.39 x 107°). This finding highlights the importance of incorporating bioaccessibility
into the health risk assessment system to reduce risk overestimation. Based on the thresh-
old of acceptable LCR (10~°), the safety value of Ni was derived to be 1.32 mg kg~!. In
contrast, incorporating bioaccessibility into the health risk assessment model identified
a more protective remediation target value of 5.16 mg kg !, which reduced the removal
efficiency requirement from 92.8% to 71.8% (Table S8). The possible environmental impacts
were further assessed by estimating associated carbon emissions. The dust of fossil fuel
combustion will be treated by a bag filter, which is the main dust control technology in
China [53,54]. After considering only the power consumption of the bag filter (Text S6), it
is estimated that the carbon emission per facility can be reduced by about 2.51 tCO2e a~!
(from 11.1 tCO2e a~! to 8.59 tCO2e a~'). Recently, research has vigorously promoted car-
bon emission reduction in soil remediation [17,55]. However, research on carbon mitigation
strategies during PTE control in road dust remains limited. Although this study was not
included in the life cycle assessment, it clearly revealed the great potential of integrating
bioaccessibility into urban dust PTE pollution remediation planning.

4. Conclusions

In this study, the PMF model was used to identify PTE pollution sources in road dust
with different particle sizes, and the SBRC method was used to evaluate the bioaccessibility
of PTEs. Four urban road dust sources identified by the PMF model include composite
sources, traffic sources, industrial sources, and fossil fuel combustion. In addition, the
bioaccessibility of As, Cr, Ni, and Pb increased with decreasing particle size, whereas the
bioaccessibility of Cd increased with increasing particle size. The Mantel test analysis
revealed correlations between pollution sources and the bioaccessibility of PTEs based on
three practical sizes, indicating that fossil fuel combustion is identified as the main source of
total and bioaccessible Ni. Then, health risk assessment based on the bioaccessibility of PTEs
showed that <63 um road dust was the main health risk source, and the bioaccessible As
and Ni provide the most contribution to the non-carcinogenic risk and lifetime carcinogenic
risk, respectively. Therefore, Ni emitted from fossil fuel combustion is the priority control
factor in Jinan’s urban environmental management. Overall, the incorporation of size-
specific and source-dependent bioaccessibility into human health risk is critical for more
accurate and protective evaluations, especially in urban environmental management under
the background of energy conservation and emission reduction.

Due to the typical regionality of the urban environment, this study only studied
the road dust in Jinan City, and it is necessary to carry out more studies on urban dust
samples to verify the applicability of the method. This study reveals the possibility of
carbon emission reduction in the process of fossil fuel emission control by incorporating
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bioaccessibility into the health risk assessment framework, and provides a theoretical
basis and practical reference for future industrial dust pollution control. In addition,
pollution sources exhibit the characteristic of phased changes with urban development.
Therefore, it is necessary to conduct long-term and sustainable research. In addition, this
study only considered the treatment of PTEs in fuel combustion emission dust by dust
removal facilities. However, with the popularization and application of clean technology,
the influence of road transportation and fossil fuel combustion technology optimization on
the PTE content of road dust is worthy of further study.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su18052255/s1, Text S1: Road dust particle size distribution
analysis; Text 52: Detailed method for the determination of total potentially toxic elements in road
dust; Text S3: Quality assurance/quality control; Text S4: Determination of method detection limit
(MDL); Text S5: Stability test of PMF results; Text S6: Carbon emission calculation of bag filter; Figure
S1: Distribution of (a) sampling sites (1 = 100) and (b) functional buildings in the study area; Figure
52: Technology roadmap for processing road dust in the laboratory; Figure S3: Box plots of base
model bootstrap results. (a—c) represent the result in size 1, 2, and 3 i, respectively. Mapping of
bootstrap factors to base factors is over 80%; Figure S4: Frequency accumulation curves of road
dust particle size distribution (n = 100); Figure S5: Contribution of different sources to PTEs in road
dust in different particle size ranges; Figure S6: Enrichment factor (EF) of different PTEs in road
dust of different particle sizes in size 1 (a), size 2 (b), and size 3 (c). When EF < 2, it represents
“Minimal pollution”; when 2 < EF < 5, it means “moderate pollution”; when 5 < EF < 20, there is
“Significant pollution”; when 20 < EF < 40, it represents the existence of “Strong pollution”; when EF
> 40, there is “Extreme pollution”; Figure S7: Box plots of 5 PTEs’ bioaccessibility (%) in different
particle sizes (size 1: <63 um, size 2: 63-125 um, size 3: 125-250 pm, and total size: <250 um) of
Jinan city; Figure S8: Health risk assessment based on total and bioaccessible contents of PTEs in
road dust; Table S1: Classification standard of enrichment factor (EF); Table S2: Dust exposure risk
health risk assessment model calculated parameters and values; Table S3: Corresponding reference
dose (RfD) and slope factor (SF) values for PTEs under ingestion exposure pathways in a health risk
assessment model; Table S4: Applicability assessment of factor analysis for potentially toxic elements
in road dust (Kaiser-Meyer-Olkin (KMO) and Bartlett sphericity tests); Table S5: Descriptive statistics
on the distribution of different particle sizes of urban road dust in two zones; Table S6: Description
of the content of PTEs (mg kg~ ') in road dust and soil in Jinan; Table S7: Characterization of PTEs’
enrichment factors (EF) in road dust of 3 particle sizes in Jinan; Table S8: Carbon emission reduction
calculation results. Refs. [56-58] are cited in Supplementary Material.
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