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Abstract

Road dust from different sources directly contacts the human body and has potential effects on public health. In this study, a total
number of 87 road dust samples were collected at 29 sampling sites from five different functional areas (commercial area (CA),
residential area (RA), educational area (EA), industrial area (IA), and park area (PA)) in Zhengzhou to study the contamination
status, distribution, source identification, ecological risk assessment, and spatial distribution of human health risks due to eight
heavy elements. The geo-accumulation index (/4¢,) and pollution index (PI) revealed that there was very high contamination with
Cd and Hg caused by atmospheric deposition, which should be paid special attention. Additionally, the source identification
indicated that Cr, Ni, Cu, Zn, Cd, and Pb originate from anthropogenic activities related to traffic, and Hg can originate from
medical equipment and agricultural chemicals, while the extremely low level of pollution with As could be explained by
geographic sources. Moreover, the calculated ecological risk index values were increased in the order of CA > RA > EA > IA
> PA in different functional areas. According to the human health risks of the whole city, children exposed to Pb have the highest
health risk, especially for CA and IA, as calculated by the noncarcinogenic hazard index (HI). For adults and children, health risks
caused by Cu, Zn, and Pb were higher in the CA, RA, and PA of the downtown area, whereas Cr and Ni had the highest
noncarcinogenic exposure risk in northwestern Zhengzhou due to point source pollution. Calculations of the carcinogenic risk
(CR) values for Cr, Ni, As, and Cd indicate that the value of Cr is highest (1.17 x 10_7), especially inside the industrial area
(8.55 x 1077), which is close to the lower limit of the threshold values (10~ to 10™%). These results can provide a theoretical basis
and data support for air treatment, pollution control, and the implementation of public prevention in different functional areas of
Zhengzhou.
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Atmospheric environmental pollution in urban areas has
gained considerable attention from scholars and scientific re-
searchers in recent decades, since it is closely relevant to peo-
ple’s daily lives and traffic and causes severe harm to the
human body and low visibility (Liu et al. 2019). Studies of
the content of fine particulate matter (PM2.5) (Cooper et al.
2019; Wang et al. 2020), organic contaminants, such as poly-
cyclic aromatic hydrocarbons (PAHs) (Ma et al. 2019; Skrbi¢
et al. 2019; Wang et al. 2016b), polybrominated diphenyl
ethers (PBDEs) (Chou et al. 2019), and phthalate esters
(PAEs) (He et al. 2019; Skrbi¢ et al. 2016), and heavy metals
(HM) (Cai et al. 2019; Lanzerstorfer and Logiewa 2019), such
as zinc, lead, nickel, and cadmium, have been used for
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measuring air pollution. Contaminants absorbed into fine par-
ticles could subside to the ground under the action of atmo-
spheric pressure and gravity via road deposition via diffusion,
transportation, and the aggregation process in the atmosphere
(Wang et al. 2016b). Moreover, due to the advancement of
urbanization, impermeable pavement has become an increas-
ingly ubiquitous transportation facility in cities, which inten-
sifies the accumulation of dust with pollutants. As an indicator
of atmospheric dry deposition, urban road dust is an essential
factor that undermines the ambient air quality and topsoil
(Gasiorek et al. 2017) and deep soil quality along roads
(Ghanavati et al. 2019; Trujillo-Gonzalez et al. 2016) as well
as the quality of the receiving water body (Gunawardena et al.
2013; Zhao et al. 2010), which may cause adverse potential
health risks to residents (Roy et al. 2019). Vehicles and crowds
on impervious urban roads could generate considerable dust
plumes (gkrbié et al. 2018), which will be resuspended into
the atmosphere and cause airborne pollution and even haze
due to wind (Shabanda et al. 2019). The resuspended particles
and accumulated organic pollutants may be precipitated in the
soil along roads (Taylor et al. 2010) and cause soil contami-
nation, for which remediation is difficult (Ma et al. 2016b).
Moreover, the contaminated road sediments in rainwater run-
off during precipitation increases the burden on the assimila-
tive capacity of rivers or receiving waters (Liu et al. 2018).
Due to their toxicity, persistence, and bioaccumulation,
heavy elements in road dust in excessive concentrations have
detrimental effects on the respiratory tract, gastrointestinal
system, liver, endocrine function, cardiovascular center, and
hematopoietic system (Rahman et al. 2019) and even low
concentrations of road dust in some metals, such as lead, could
cause neurological and developmental disorders (Mohmand
et al. 2015). In recent decades, researchers have been investi-
gating the characteristics of HMs in urban dust (Chen et al.
2014; Li et al. 2016a; Yang et al. 2019). Duong and Lee
(2011) discovered considerable contaminating levels of cad-
mium, zinc, and nickel and a very high contamination of cop-
per in road dust from asphalt highways in the metropolitan
city of Ulsan, according to the contamination factor. By using
positive matrix factorization (PMF) for a quantitative source
analysis in Beijing, China, Men et al. (2018b) discovered that
traffic-related exhaust gas accounted for 34.47% of the pollu-
tion sources; coal combustion and metal materials each
accounted for approximately 25% of the pollution sources;
and the use of pesticides, fertilizers, and medical equipment
accounted for 14.88% of the pollution sources. Subsequently,
more scholars considered the seasonal or spatial variation
(Duan et al. 2018; Skrbié¢ et al. 2018; Srikanth and Rao
2014; Zhang et al. 2015) and determined that the meteorolog-
ical condition and intensity of human activities changed with
the change in seasons, which causes a variations in the pollu-
tion conditions and main contamination source in different
seasons (Men et al. 2018a). Moreover, road sediment particles

polluted by heavy elements, especially fine particles, can be
absorbed by adults or children by ingestion, inhalation via the
mouth and nose, dermal adsorption, and inhalation of mercury
vapor, which potentially or directly affects human health (Lin
et al. 2019; Torghabeh et al. 2019). The integrated hazard
index values for children at four locations in the city of
Kuala Lumpur were calculated as > 1, which indicates a pos-
sible noncarcinogenic effect (Wahab et al. 2020). Therefore,
an investigation of the impact of various heavy elements con-
centrations in road dust on human health in Zhengzhou, a
megalopolis of China, has great significance.

Due to the variety of human activities, land use types, and
vehicle volumes among different functional areas in cities, the
ambient environment and degree of contamination could dis-
play high spatial divergence (Trujillo-Gonzélez et al. 2016;
Wang et al. 2016¢). Wang et al. (2016a) calculated the
Tomlinson Pollution Load Index and geo-accumulation index
of trace metals in urban dust of the Nanjing park area, which
indicate that the dust samples in Nanjing park were extremely
contaminated with lead. By studying the heavy metals in street
dust from busy traffic areas with different characteristics,
Duong and Lee (2011) discovered that traffic volume, atmo-
spheric dispersion from traffic rotaries, industrial emissions,
and the frequency of brake use and vehicles coming to a com-
plete stop are factors that affect the contaminating levels of
heavy metals in urban road dust. Arsenic was indicated as the
most dangerous element based on a risk assessment for indoor
and outdoor dust of the city (Huang et al. 2014). In spatial
distribution analysis, previous studies have focused on heavy
element concentrations, and corresponding ideal results have
been obtained (Cai et al. 2019; Chen et al. 2014; Duan et al.
2018). However, the values of hazard quotient (HQ), hazard
risk (HI), and cancer risk (CR) rather than the concentrations
of heavy elements are significant in the assessment of carci-
nogenic and noncarcinogenic risk to human health (Ma et al.
2016a). Therefore, a study of the spatial distribution of health
risk by different exposure pathways to humans in different
functional areas has research meaning.

In this paper, to provide a scientific theoretical basis for the
implementation of mitigation measures, treatment of heavy
element pollution, and protection of urban residents, research
has been carried out with the following aims: (1) road dust
samples from different functional areas in Zhengzhou were
collected, and descriptive statistical results were applied to
analyze the distribution characteristics of the heavy element
concentrations; (2) the pollution degree of different heavy
elements in street dust of the study area were evaluated, and
the ecological risk was assessed; (3) the contamination source
of heavy elements in road dust was identified using the
Pearson correlation coefficient and principal component anal-
ysis; (4) the spatial distribution of the health risk to children
and adults from exposure to heavy elements in street dust was
analyzed.
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Materials and methods
Study area

Zhengzhou (112.7°-114.2° E, 34.3°-34.9° N), the provincial
capital city of Henan, is not only a megalopolis in the central
region of China but also an essential national comprehensive
transportation hub and trade and logistics center, which might
explain why the population in Zhengzhou is so large.
Globalization and innovation increasingly provide conditions
for urban development, and the geography, natural endow-
ments, politics, institutions, history, and economic structure
in Zhengzhou continue to play key roles in attracting more
people to visit or settle in the city. By December 2018,
Zhengzhou had a total resident population of 10.136 million,
11.41 million tourists, more than 4,000,000 registered motor
vehicles, and more than 3,000,000 nonmotor vehicles; thus,
urban road environment problems caused by excessive human
activities and traffic congestion are inevitable. Zhengzhou has
a north temperate continental monsoon climate with an aver-
age annual temperature of 15.6 °C and average annual precip-
itation of 542.15 mm. Zhengzhou is hottest in August, with a
monthly mean temperature of 25.9 °C; the coldest month is
January, with a monthly average temperature of 2.15 °C. The
four seasons are distinctive, and summer and winter have a
longer duration. Zhengzhou is located in the middle and lower
reaches of the Yellow River and the northeast of the Funiu
mountains to the Huanghuai plain transition zone with high
ground in the west and middle and low grounds in the east.

Sample collection

According to the overall layout of functional areas,
Zhengzhou, as a city with rapid population and commercial
development, has more commercial areas (CA), park areas
(PA), and residential areas (RA) but fewer educational areas
(EA) and industrial areas (IA). After analyzing the fundamen-
tal information of the study area, 29 sampling points were
identified as shown in Fig. 1. Of the 29 sampling points, 7
points are in the CA and 7 points in PA, 6 points in RA, 5
points in EA, and 4 points in IA. The conditions of each
sampling site, such as its location, function area, and detail
of human activities and traffic flows, are listed in Table S1. To
gain a comprehensive understanding of the pollution situation
at every research site, a total of 87 road dust samples were
collected at 29 sampling sites (3 subsamples for each site)
from five different functional areas of Zhengzhou in
June 2019. All the road dust samples were collected within a
distance of approximately 10 m along the roadside; the weight
of each sample was > 100 g (Men et al. 2018b). Since the
length of the previous dry period has an impact on the particle
size composition and concentration of sediment particles (Li
et al. 2015; Zafra et al. 2017), all the analytical samples were
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gathered after at least 3 dry days. Plastic brushes and dustpans
were employed for collection, and the samples were placed in
self-sealing polyethylene bags with a clean hairbrush, labeled,
and then transferred to a laboratory as soon as possible. The
sealed samples were stored in a refrigerator at 4 °C before they
were analyzed.

Experimental analysis

The samples were air dried for 5 days and passed through a
100-mesh polystyrene sieve (< 150 pm) to remove all debris,
including stone, leaves, and hair (Lin et al. 2019). The <
150-um-diameter fraction was selected for analysis because
these particles are capable of remaining in the atmosphere for
considerable durations, (Kurt-Karakus 2012; Li et al. 2015;
Ma et al. 2016b) and the proportion of heavy elements in the
atmosphere is larger; so the highest possible risk to human
health is considered. In their study of the particle size distri-
bution of street dust, Zhao et al. (2014) demonstrated that the
median road dust sediment diameter, dso, was less than
149 um in the central urban area. Subsequently, parts of the
sieved dust samples were transported to new self-sealing poly-
ethylene bags and then stored at 4 °C before analysis.
According to previous assessments of the potential health risk
of heavy elements to the human body (Men et al. 2018b),
seven typical metals (Li et al. 2017; Lin et al. 2019;
Weerasundara et al. 2018) and arsenic, an oncogenic metalloid
(Rahman et al. 2019; Skrbi¢ et al. 2018), which has some of
the chemical properties of a metal, were chosen for determi-
nation. These eight elements are cadmium (Cd), chromium
(Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), zinc
(Zn), and arsenic (As).

To measure the concentration of Cd, Cr, Cu, Ni, Pb, and
Zn, 0.1 g dust was taken extracted from each sample, placed in
50 ml polytetrafluoroethylene digestion vessels, and then dis-
solved with HNOj; (5 ml)-HF (3 ml)-HCIO,4 (2 ml) on a graph-
ite digestion apparatus in the fume hood. The extracted sam-
ples were removed when sticky and digested with HCI
(0.5 ml) when the extracted samples cooled. The digestion
solutions were diluted with ultrapure water to a final volume
of 25 ml in a colorimetric tube for analysis by inductively
coupled plasma-mass spectrometry (ICP-MS Agilent
7700X) (HJ 766- 2015). For the detection of As and Hg,
0.5 g of dust of all the samples were placed in a colorimetric
tube (50 ml). Afterwards, the mixture of ultrapure water and
aquaregia (1:1 ratio in 10 ml) was added in sequence, digested
in an electric-heated thermostatic water bath with lids at
100 °C for 2 h, and shaken once every half hour. After cooling,
the samples were diluted to scale and placed on a spectrometer
for As concentration measurement. The Hg content was de-
termined by atomic fluorescence spectrometry (HJ 680-
2013).
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QA/QC (quality assurance/quality control)

During the analysis process of the samples, 10% certified
reference materials (CRMs) (N=9), 10% repeated samples
(N=9), and 2% blank samples (N = 2) were performed with
the same treatment to ensure the accuracy and precision of
the experiment (HJ 803- 2016). The series of CRMs for the
chemical composition of soil (GSS 1-31), which were de-
veloped by Geophysical and Geochemical Prospecting
Institute of Academy of Geological Sciences of Chinese,
are mainly used as the reference standard of geology, geo-
chemical and mineral survey, and for the quality monitoring
in China. The Luochuan loess of Shanxi Province (GSS-8),
soil of Liaohe Plain (GSS-11), and soil of Huabei Plain
(GSS-13) were selected for QA/QC in this study. The con-
centration levels of elements in each reference material and
the concentration levels determined in this study are shown
in Table S2. Via data analysis, the concentration of the stan-
dard materials measured in the experiment is within the
uncertainty range. The limit of detection (LOD) and limit
of quantitation (LOQ) of the determination method and the
repeatability of the parallel samples, which was indicated
by relative standard deviation (RSD, in %), are shown in
Table S3. During the data analysis, a standard curve was
established with the correlation coefficient > 0.999, and an
intermediate concentration point of standard curve was an-
alyzed for every 20 samples (RSD values between the mea-
sured result and the actual concentration were < 10%) (HJ
803- 2016). Besides, the two blank samples were found to
be undetectable heavy metal levels that were clearly below
the method LOD values.

Statistical analysis

The descriptive statistical analysis of concentration of the
measured samples was obtained by operating the IBM SPSS
statistics 22 software package, which was also employed for
identification of the pollution sources via factor analysis and
calculation of the coefficients and significance level of the
correlation matrix. In addition, the Origin 9.1 software was
employed to analyze the holistic data of different factors and
perform relevant graphics rendering. The spatial distribution
of sampling sites and hazard index values for adults and chil-
dren in study area were described by using ArcGIS 10.2. The
ordinary kriging (OK) (Men et al. 2018b) and inverse distance
weighted (IDW) (Skrbié et al. 2018) method can be applied
for a spatial variation analysis. The geostatistical interpolation
method of OK is selected to analyze the spatial distribution of
the human health risk in this study because it can assign dif-
ferent weights to each sample grade based on the sample po-
sitions and degree of correlation among samples and then
calculate the sliding weighted average of interpolation points.

Pollution evaluation indices of urban dust quality

The geo-accumulation index (/ye,), namely, the Miiller index
(Miiller 1981), considers not only the influence of the back-
ground value for the natural geological process but also the
impact of human activities on heavy elements pollution. The
Miiller index has been employed to continuously determine
the pollution levels in soil and road dust (Li et al. 2015; Skrbié¢
et al. 2018). The equation is expressed as
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Igeo = log,(C,/1.5B,) (1)

where C, is the concentration of the element » measured in
dust samples, and B,, represents the background value of soil
in Zhengzhou, China. The modified index 1.5, is usually ap-
plied to characterize the sedimentary characteristics,
petrogeology, and other background values influences (Li
et al. 2015; Men et al. 2018b; Weerasundara et al. 2018).
The evaluation criterions of the geological accumulation in-
dex are listed in Table 1.

The pollution index (PI) is a contamination factor for
assessing the degree of heavy elements pollution in road dust
(Duong and Lee 2011). This index can be utilized for a given
element in a certain sampling point (Men et al. 2018a).

PI=C,/B, (2)

where C,, and B, have the same values as previously noted and
belong to the same unit. Five categories of PI exist to estimate
the following heavy elements contamination levels: no con-
tamination (PI < 1), low level of contamination(1 <PI<2),
middle level of contamination (2 <PI < 3), considerable con-
tamination (3 <PI<6), and very high level of contamination
(6 <PD).

Ecological risk and human health risk assessment
Ecological risk

The ecological risk index (RI) evaluation method of heavy
elements proposed by Hakanson (1980) has been applied to
assess the contamination degree in soil and urban road dust
(Men et al. 2018b). RI can be computed by using the follow-
ing equation:

where RI is the sum of eight ecological risk factors (E. ) of
heavy elements; £’ is the monomial potential ecological risk
factor for element 7; T". is the toxic response factor for a given
material—1 for Zn; 2 for Cr; 5 for Cu, Ni, and Pb; 10 for As;
30 for Cd; and 40 for Hg (Hakanson 1980; Lin et al. 2019;
Soltani et al. 2015; Zhao et al. 2014); C’f is the contamination
factor of element i and numerically equal to the PI; C), and B),
are the mean concentration of element 7 and its reference geo-
graphical background value, respectively, which are the same
variables defined in Egs. (1) and (2). The ecological risk levels
are described as in Table 1 (Men et al. 2018b; Soltani et al.
2015).

Human health risk assessment

The assessment method can be applied to assess the noncar-
cinogenic or carcinogenic risk of human exposure to contam-
inated environmental media, such as heavy elements in dust in
current conditions or future conditions (USEPA 1992; USEPA
2001). Children consume more food and water per unit of
body weight, have a higher surface-to-volume ratio, grow at
a faster rate, and have more rapidly changing hand-to-mouth
behaviors and physiology changes than adults (USEPA 2009),
which explains the significant difference of exposure risk be-
tween them (Shi et al. 2011). To determine the public health
risks of urban road dust, people are grouped into adults and
children according to the following four exposed pathways:
mouth ingestion absorption, inhalation of resuspended parti-
cles via nose, dermal or eye contact with dust (USEPA 2003),
and inhalation of Hg vapor (Lin et al. 2019). To assess the
potential noncarcinogenic and carcinogenic risk of each ele-
ment, the following equations were utilized to calculate:

Noncarcinogenic risk The assessment of the noncancer health

noo risk values of each study element via the four exposure path-

RI = El E, (3) ways was calculated using the following equations (Lin et al.

) ) . 2019; USEPA 2001; Weerasundara et al. 2018):
E =TI xC, (4)

' IngR x EF x ED _

i iogpi AD;,, = Cx —=— " 277 » 10°° 6

s =Cu/B, (%) ing BW x AT (6)
Table 1 Contamination categories evaluation standard of the geo-accumulation index (/4e,) (Miiller 1981) and potential ecological risk level classi-
fication of E, and RI values
ILye, value Pollution classes ~ Contamination status E, or RI value Risk levels
Ly <0 0 Practically uncontaminated E,<40; RI<150 Low potential ecological risk
0<lpo<1 1 Uncontaminated to moderately contaminated 40 < £, <80; 150 <RI <300 Moderate potential ecological risk
1<lpeo<2 2 Moderately contaminated 80<E,<160;300<RI<600 Considerable risk
2<lpeo<3 3 Moderately to heavily contaminated 160 < E, <320; 600 <RI High risk
3<lye<4 4 Heavily contaminated E,.>320 Extreme risk
4<lpeo<5 5 Heavily to extremely contaminated
5<1geo 6 Extremely contaminated
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InhR x EF X ED

ADin =
= X PR % BW x AT ™
SL x SA x ABS x EF x ED _
ADdermal =Cx BW < AT x 10 6 (8)
InhR x EF x ED
ADvap =C x L (9)
VF x BW x AT

where ADiyg, ADinn, ADgermar, and ADy,, are the average
daily exposure amount of elements via ingestion, inhalation,
dermal contact, and inhalation of vapors (mg/kg day '), re-
spectively; VF means a volatilization factor of 32,675 m’/kg
for Hg (Lin et al. 2019). Values of the other parameters for
evaluating the risk of human exposure to urban road sediment
in Egs. (6)—(9) are shown in Table S4.

The hazard index (HI) is equal to the sum of the hazard
quotients (HQs) that are calculated using the ratio of the aver-
age daily exposure dose via four exposure pathways to the
reference dose for every element. The HI is employed to as-
sess the accumulation of noncarcinogenic risk of a certain
element (Li et al. 2017; Weerasundara et al. 2018).

o AD[ng/ inh/dermal |vap
RD

HO (10)

HI = ¥ HO, (11)
i1

where the specific reference dose (R,D, mg/kg day ") thresh-

old indicates the probability that a particular element contam-

inant will have a lifetime impact on human health (Mohmand

et al. 2015; USEPA 2007).

RD is based on the assumption that thresholds exist for
certain toxic effects, such as cellular necrosis; the values of
R/D are listed in Table S5. If the value of HI< 1, the noncar-
cinogenic risk to human health is not significant. Values > 1
suggest the strong possibility of occurrence of adverse non-
carcinogenic effect risk to the public.

Carcinogenic risk The life average daily dose (LADD) for the
cancer elements As, Cr, Ni, and Cd was computed for the
inhalation exposure route using the following equation
(USEPA 1992).

Lapp — S X EF
AT x PEF
([nhchild X EDcpijg  Inhaguy < EDadult) (12)
BW it BW quis

Carcinogenic risk(CR) = LADD x SF (13)

where C (mg/kg) in Egs. (6)—(9) and (12), combined with the
values for the exposure factors, is considered to yield an esti-
mation of the “reasonable maximum exposure” (USEPA
1989). Exposures were proposed to be estimated for a single
exposure case (for both current and future land use) rather than

two exposure case of an average and an upper-bound exposure
(USEPA 1989). The two cases approach measures the range of
uncertainty surrounding these estimates to some extent, but
the upper-bound estimate of exposure may be above the range
of possible exposure and the average estimate is lower than
exposures potentially experienced by much of the population
(USEPA 1989). By analysis of the heavy element concentra-
tions in 87 dust samples of Zhengzhou using SPSS22 soft-
ware, the P-P plot of all element concentration values present
the logarithmic normal distribution in this study. Therefore,
the upper confidence limit (UCL) of the 95% confidence in-
terval for the mean (Huang et al. 2014; Kurt-Karakus 2012; Li
etal. 2017) were calculated to assess the highest exposure that
is reasonably expected to occur at a site by the following
equation. (Rahman et al. 2019; USEPA 1996)

_ H
C95%UCL = €Xp (X + 0.55’2 + X > (14)

=}
where X is the arithmetic mean of the log-transformed data, s
is the standard deviation of the log-transformed data, H is the
H-statistic (Gilbert 1987), and n is the number of samples.
Inhpig, EDchitg, and BW g are the parameter values for chil-
dren, and Inh,q,1, EDagui, and BW,qyye are the corresponding
parameter values for adults (Table S4). SF is the slope factor
(mg/kg day ') of a particular carcinogen; its values are
displayed in Table S5.

CR <10 °® demonstrates that it could not pose a carcino-
genic risk when exposure to heavy elements in road dust,
while the potential carcinogenic risk is highly likely if CR >
10~*. Some management measures to mitigate cancer risks
should be implemented when CR ranges from 107 to 107
(Wahab et al. 2020).

Results and discussion
Total concentrations of heavy elements

The relative standard deviations (RSDs) of the three collected
subsamples from a sampling site of Zhengzhou were generally
within 10%, and some were slightly greater, which illustrates
that the pollution conditions in different subsites of a sampling
point are distinct. Therefore, considering the average detection
value of the samples collected from three different subsites of
a sampling site as the value of this sampling point is necessary.
The descriptive statistics of eight heavy elements (HEs) con-
centration investigated in 29 sampling points with 87 street
dust samples of Zhengzhou are provided in Table 2. The ar-
ithmetic mean value, which represents the average content of
heavy elements in different samples, takes into account the
concentration values of all locations. So, the arithmetic mean
value is selected as an indicator for the comparison among
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HEs (Fig. 2). The mean concentrations of the eight selected
heavy elements in urban road dust samples collected from
Zhengzhou generally decreased on the order of Zn > Pb >
Cr > Cu> Ni > As > Hg > Cd, which is particularly similar
to the regularity of other literatures (Mohmand et al. 2015). An
analysis of HEs indicates road sediments generally have
higher contents of Cr, Zn, and Pb, whose concentration values
have a higher dispersion degree among the sampling points.

Although the zinc concentration was the highest in this
study area, it was the lowest one compared with that in other
Chinese and some foreign cities, except Ahvaz, Iran (Table 3).
The Pb concentration in Zhengzhou is less than that in all the
cities compared, except Dhaka, Bangladesh, which can be
attributed to the decreased usage of leaded gasoline in recent
years in Zhengzhou (Li et al. 2017). The concentrations of Cr,
Ni, and Cu in this study area were less than those in other
compared cities. On the other hand, the mean concentration
of As in Zhengzhou urban road dust is higher than that of
Beijing, China; Ahvaz, Iran; Dhaka, Bangladesh; and Novi
Sad, Serbia, and more than the background values of
Zhengzhou but lower than those of Guangzhou, Baoji, and
Isfahan. The Cd pollution condition in street dust of
Zhengzhou is similar to that in Beijing and Guiyang and sim-
ilar to that in Novi Sad, Serbia and Beijing Park, China, while
lower than that in other cities. In addition, the Hg content of
street dust in the study area is slightly greater than that in
Beijing and Guangzhou, which is nearly 5 times less than that
in Baoji, China, and 10 times higher than the background
value in Zhengzhou. No significant difference in the Hg con-
centration among different cities and different functional areas
in Zhengzhou was likely caused by the volatility of Hg, which
indicates that the cleaning mechanism of road sweeping
cleaning or rainstorm rushing may not have an obvious influ-
ence on reducing the mercury content.

Variety of different functional areas

Different functional areas with various land uses, human ac-
tivities, traffic density, population density, energy

consumptions, and frequencies of road sweeping present the
distinct pollution situations (Shabanda et al. 2019). The mean
concentrations of HEs in road dust collected from five differ-
ent functional areas (CA, IA, PA, EA, and RA) in Zhengzhou
are presented in Table 3. A comparison of the total mean
element concentrations in each functional area yields the fol-
lowing ranking in descending order: CA > RA > 1A > EA >
PA. This ranking is consistent with the conclusion of previous
studies performed in Chengdu (Li et al. 2017), which may
demonstrate that different cities are similar with regard to the
relative influence of different functional areas. The heavy el-
ement content of CA is greater than that of other functional
areas in cities, which can be attributed to the high public and
traffic flow. In addition, the high density of high-rise buildings
causes a rotation of contaminated particles in the air and ac-
cumulation of HEs in this area, which also contributes to the
higher HE pollution in CA. The highest zinc concentration of
dust samples in different functional area roads was detected in
RA (163.85 £ 133.36 mg/kg) and much higher than that in EA
(153.20 +76.26 mg/kg) and CA (145.25+57.84 mg/kg).
However, these concentrations were less than the concentra-
tion in the EA (278 mg/kg), which has the lowest Zn content
in the Chengdu area (Li et al. 2017). An inspection of the table
reveals that the Cr and Ni contents were highest in IA but
lowest in PA, which suggests that both metals may be derived
from the same source of pollution. Similarly, the concentra-
tions of Cu, Hg, and Pb were highest in the CA while lowest in
the PA. The concentrations of other heavy elements in the PA
were the lowest, except As and Cd, which is probably due to
the slight difference in the characteristics of arsenic and cad-
mium pollution in different functional areas.

Pollution indices

A boxplot of /,, values of heavy elements in all the street dust
samples (N =87) is shown in Fig. 3. The inter-quartile range
(IQR) in Figs. 3 and 4 is the difference between the upper
quartile (Q3, i.e., at 75%) and the lower quartile (Q1, i.e., at
25%) of the pollution indices values. Theoretically, the

Table 2  Results of statistical analyses of eight heavy elements concentration (mg/kg) in road dust samples of Zhengzhou

Elements Min Max Mean Median SD CV GM 95%UCL Skewness Kurtosis
Cr 19.00 361.81 49.56 40.58 38.45 0.78 43.78 57.76 6.42 51.26
Ni 6.31 119.89 13.95 12.20 12.28 0.88 12.42 16.57 7.67 65.93
Cu 6.98 159.76 26.98 22.45 20.48 0.76 22.50 31.34 3.74 20.68
Zn 31.49 650.64 136.30 111.69 93.61 0.69 116.58 156.26 3.14 13.39
As 6.16 17.98 11.41 11.05 2.30 0.20 11.19 11.90 0.57 0.06
Cd 0.12 4.73 0.58 0.44 0.63 1.09 0.45 0.71 4.72 26.36
Pb 19.31 160.62 50.87 44.21 24.77 0.49 46.24 56.15 1.93 5.37
Hg 0.03 1.01 0.23 0.14 0.23 1.00 0.15 0.28 1.68 2.23

SD standard deviation, CV coefficient of variance, GM geometric mean, 95%UCL the upper limit of the 95% confidence interval for the mean
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outliers of a boxplot are detected by judging whether the data
are in the range of the upper limit (Q3 + 1.5IQR) and lower
limit (Q1 — 1.5IQR). Due to the existence of point source pol-
lution in cities (Huang et al. 2015), the contamination degree
of HE in different sampling sites varies, which may explain

why outliers exist in the pollution index values of some heavy
elements. The analysis of outliers is conducive to the analysis
and research on the point pollution situation of sampling sites
in Zhengzhou. PI reflected the contamination levels of HEs in
road deposition dust relative to urban soil and as shown in

Table 3  Mean concentration of heavy elements in urban road dust from Zhengzhou, its different functional areas, and other reference cities (mg/kg)

Research area Cr Ni Cu Zn As Cd Pb Hg Reference
Chengdu, China 84.3 24.4 100 296 NA 1.66 82.3 NA Liet al. 2017
Beijing, China 92.10 3247 8312 280.65 4.88 0.59 60.88 0.16 Men et al. 2018b
Beijing Park, China 69.33 2597  72.13 219.20 NA 0.64  201.82 NA Du et al. 2013
Guangzhou, China 176.22 4138 19236 177718 2005 2.14 38753 022 Huang et al. 2014
Baoji, China 126.7 48.8 1232 715.3 19.8 NA 433.2 1.1 Lu et al. 2010
Guiyang, China 129.04 60.43 12933  176.05 NA 0.61 63.12 NA Duan et al. 2018
Kandy, Sri Lanka 103.0 87.6 123.6 1116.9 NA 68.8 234.4 NA Weerasundara et al. 2018
Isfahan, Iran 82.13 66.63 18226  707.19 2215 214 39333 NA Soltani et al. 2015
Ahvaz, Iran 11584 NA 207.6 104.24 9.33 6.80  202.14 NA Ghanavati et al. 2019
Dhaka, Bangladesh 14434 37.01 49.68 239.16 8.09 11.64 1899 NA Rahman et al. 2019
Novi Sad, Serbia 60.1 28.1 42.7 NA 1.88 054 625 NA Skrbi¢ et al. 2018
Delhi, India 57.7 24.7 99.9 200.7 NA NA 164.2 NA Roy et al. 2019
Background soil values of Zhengzhou 64 21 14 42 8 0.08 18 0.023
Background soil values of China 62.5 28.9 214 69.4 11.1 0.11 21.4 0.03 CNEMC 1990
Zhengzhou, China Mean values 49.56 13.95 26.98 136.30 1141 0.8 50.87 0.23 This study

EA 37.73 1341 2288 153.20 12,11 0.82 4728 0.20

1A 68.50  20.38 18.49 131.91 1098 043 57.05 0.19

RA 47.69 13.30  31.82 163.85 11.50 048 50.42 0.29

CA 63.56 13.44  41.58 145.25 1041 0.70 66.76 0.30

PA 34.80 11.72 16.01 94.20 12.07 045 34.38 0.15

The italic font indicates the highest concentration in the areas compared (different cities around the world or different functional areas in Zhengzhou)

NA not available
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Fig. 4, its values of all the study elements follow the order of
Hg>Cd>Zn>Pb>Cu>As>Cr>Ni.

Except for one subsample of A1, which was collected
inside the industrial area, all /y, values of Ni and Cr in the
study area were almost 0, which indicates that nickel and
chromium pollution were not present in the road sediment in
Zhengzhou City. The point of difference between the PI
values and /., values for Cr and Ni evaluation is that low
contamination (1 <PI<2) is presented in a limited number
of sites, 16.1% and 6.9%, respectively. Additionally, the cal-
culation results show that arsenic pollution in Zhengzhou is
low (1 <PI<2) with a mean PI value of 1.43. Although the
mean PI value of Cu is also< 2, the analysis indicates middle,
considerable (CA4 and RA6), or even very high levels of
pollution (CA1 and RAG6) in some places, especially in com-
mercial and residential areas.

In the Pb ranking, the contamination situation is moderate
based on the average PI values (2.83) but rendered moderate
to heavy levels of contamination (/ge, > 2) or even a very high
level of contamination (PI>6) in some commercial and in-
dustrial areas. The number of residents and vehicles, as well as
industrial activities, may be the most dominant factor that
causes this point source pollution phenomenon.
Analogously, Zn, the metal with the highest average concen-
tration, generally has a moderate level of pollution and has a
high level of contamination status in locations with heavy
traffic activities. The very high level of contamination of Zn
in residential areas (RA2, RA3, and RA4) can be explained by
the potential influence of heavy traffic in the central area and
high frequency of human activity caused by the surrounding

numerous commercial areas (Gunawardena et al. 2013; Men
etal. 2018b). In addition, the pollution levels of Cd and Hg in
Zhengzhou were moderate to heavy on average, according to
the Iy, values, and nearly one in three of the study areas was
heavily contaminated (/4. > 3) with mercury, which warrants
public awareness. A very high level of pollution was detected
for Cd and Hg with mean PI values of 7.25 and 10, respec-
tively. Further research is needed to explain the outliers in the
CA, EA, and RA for cadmium and mercury pollution (Fig. 4).
The point source pollution of Pb and Zn in some areas of
Zhengzhou may be attributed to the significant pollution de-
gree of historical accumulation in soil and the potential con-
tamination of urban road dust by resuspension (Li et al. 2017).
The atmosphere deposition of Cd and Hg in road dust of the
Zhengzhou area warrants special attention.

Identification of pollution sources

Because the HE concentrations of road dust obey a log-normal
distribution, the Pearson’s correlation coefficients for eight
elements were calculated (Table 4) using the log-
transformed data to study the correlation relationship among
the metals in urban street dust samples. The homology and
coherence information of metals can be evaluated (Lu et al.
2010; Soltani et al. 2015).

A high positive correlation at the 0.01 level is displayed in
the group of Cr—Cu (0.787), which indicates that the origin
and pathway of emission for this group are likely similar.
Another group, Cr—Ni—Cu—Zn—Cd-Pb, shows significant cor-
relations with each other at p <0.01, especially Cr—Cu
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(0.787), Cr—Zn (0.635), Cr—Pb (0.741), Ni-Zn (0.672), Ni-Cd
(0.655), Cu—Zn (0.668), Cu—Pb (0.675), Zn—Cd (0.677), and
Zn—Pb (0.640). However, arsenic does not present a signifi-
cant correlation with any metal, according to the correlation
coefficient analysis at the 0.01 level, except a low correlation
with Cd (0.301). Moreover, another group of Hg with Cr
(0.386), Cu (0.344), Zn (0.315), and Pb (0.331) has a low
correlation at the 0.01 level, and the relationship of Hg and
Ni is not significant (0.242) at the 0.05 level.

The principal component analysis (PCA) method was ap-
plied with the SPSS software for identification of the eight HE
pollution sources (Guan et al. 2019). The Kaiser—-Meyer—
Olkin (KMO) and Bartlett tests on the logarithmic conversion
data of HE concentration showed that the KMO measurement
value was 0.806, and the significance level of the Bartlett test
was 0.00, which suggests that the data were suitable for further

principal component analysis and factor analysis. The analysis
results are shown in Table S6.

In the PCA, three principal components were extracted by
the principal component method, and the component matrix
was rotated by the maximum variance method proposed by
Kaiser to minimize the number of variables with the highest
load on each factor. The obtained three components accounted
for 80.3%, among which the first component accounted for
45.4% (Fig. 5) of the total variance and the factor loadings
were higher on Cr (0.728), Ni (0.825), Cu (0.706), Zn (0.864),
Cd (0.832), and Pb (0.678) (Table S6). These results are con-
sistent with the evaluation results based on the Pearson corre-
lation coefficient, which shows that the five HMs are highly
correlated and greatly contribute to factor 1. Based on previ-
ous studies, Cr, Ni, Cu, and Cd in road sediment were mainly
caused by the weathering and corrosion of automobile parts

Table4 Pearson’s correlation coefficient matrix and corresponding significant level of all the analyzed heavy elements in road dust of Zhengzhou City

Cr Ni Cu Zn As Cd Pb Hg

Cr 0.000 0.000 0.000 0.995 0.000 0.000 0.000
Ni 0584 0.000 0.000 0.116 0.000 0.000 0.029
Cu 0.787%% 0.500%* 0.000 0.216 0.000 0.000 0.002
Zn 0.635% 0.6727%% 0.668%** 0.177 0.000 0.000 0.004
As -0.01 0.176 -0.139 0.152 0.006 0.695 0.081
cd 0.438 0.655% 0.403%* 0.6777%% 0.301%% 0.000 0.187
Pb 0.741%%* 0.417%%* 0.675%%* 0.640%% -0.044 0.440% 0.003
Hg 0.386™ 0.242" 0.344% 0.315% 0.195 0.148 0.331%

The left lower part is correlation coefficient; the right upper part is significant level

*Significant correlation at the 0.05 level (2-tailed)
**Significant correlation at the 0.01 level (2-tailed) (in italic)
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and other metal materials, such as paint, guardrail, and coat-
ings (Huang et al. 2014; Li et al. 2017; Skrbi¢ et al. 2018). By
analyzing the pollution sources of different heavy metals,
Rahman et al. (2019) discovered that Zn was usually detected
in tire tread rubber, car lubricants (Jin et al. 2019), and carbu-
retors. Corrosion on the car surface and the widespread use of
leaded gasoline and road paint can increase the lead levels in
sediments (Roy et al. 2019). Moreover, the sources of these
HMs are traffic-related emitters (Men et al. 2018b). Research
by Gunawardena et al. (2013) revealed that zinc is related to
traffic volume, whereas Pb, Cd, Ni, and Cu are related to
traffic congestion. Consequently, factor 1 is more likely to
be related to vehicle exhaust and transportation facilities from
anthropogenic activities.

Component 2 is primarily loaded by Hg, which accounts
for 18.8% of the total variance. The use of mercury-containing
fertilizers and pesticides is one reason for the general increase
in the mercury content in soil, water, and dust (Men et al.
2018b). Hg presented in fertilizers and pesticides could vola-
tilize into the air, transport over a certain distance, and even-
tually sink to the ground (Dong et al. 2017; Men et al. 2019;
Naderizadeh et al. 2016), which accelerates the Hg contami-
nation in road dust. In addition, some medical equipment in
hospitals and clinics, such as thermometers, sphygmomanom-
eters, and amalgams utilized in dentistry and cinnabar, contain
mercury (hydrargyrum), which will cause certain mercury
pollution (Giersz et al. 2017; Li et al. 2016b). According to
PI values, the Hg concentration in road dust is 10 times larger
than soil background value in Zhengzhou, which indicates
that human activities have a greater impact on the Hg content
in urban dust. Based on the analysis of Hg use in cities, factor
2 can be attributed to anthropogenic origins, such as medical
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Fig. 5 Three-dimensional scatter diagram of coefficient matrix of three
extracted components (PC1, PC2, and PC3)
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facilities and agricultural fertilizers and pesticides rather than
nature factors.

The proportion of component 3 overwhelmingly charac-
terized by As is 16.1% of the total variance, which is consis-
tent with the result of no significant correlation between ar-
senic and other elements and implies that As has a separate
source of contamination. Strong anthropogenic activities,
such as the application of biosolids and manures, ashes from
coal combustion (Wuana and Okieimen 2011), and exploita-
tion of oil field, have been demonstrated to be vital arsenic
sources (Bai et al. 2019). Combined with the previous pol-
lution index assessment of arsenic, arsenic pollution is ex-
tremely low in each sampling area of Zhengzhou. Hence, the
main cause of the As pollution source (factor 3) might be
preliminarily determined as the background value of natural
conditions.

Assessment of ecological and human health risk
Ecological risk assessment

The E, value represents the monomial potential ecological
risk to the public of an element in street dust, while the RI
value reveals the gross ecological risk of all HEs. The con-
clusion of analysis (Fig. 6) indicates that the ecological risks
caused by Cr, Ni, Cu, Zn, As, and Pb are low (E, <40).
Conversely, the risk of cadmium is high based on the high
value of Iy, 217.5, and the risk of mercury is extreme (£, >
320), as indicated by the high pollution index (PI) 0f400. For
different functional areas, the potential ecological risk of Hg
is extreme in the CA and RA, while the risk of Cd is higher in
the CA and EA.

Overall, the degree of deviation of the RI values in differ-
ent sampling sites substantially varies, which suggests the
significant difference risks generated among the sample sites
(Fig. 7). The analysis results indicate that the RI values and
the sum of E,. in different functional areas were on the order
of CA > RA > EA >1A > PA, which is similar to the order of
the total element concentrations: CA > RA > 1A > EA > PA.
The higher is the heavy elements content, the greater is the
potential for ecological risk. However, a larger difference of
RI values in the CA could attribute to the diversity of pros-
perity and traffic in different business districts of Zhengzhou.
Moreover, the risk levels evaluated with RI were classified as
having considerable potential ecological risk in the PA and
IA and high risk (RI>600) in the CA, EA, and RA. This
finding may be due to a relatively higher level of Cd emitted
via commercial, educational, and residential building con-
struction and the use of batteries, plastics, and automobile
tires (Men et al. 2018b) and a higher level of Hg from the use
of some devices of hospitals and clinics and amalgams in
dentistry and cinnabar in the CA and RA.
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Fig. 6 Monomial potential
ecological risk (E,) values of each
element in different functional
areas

Human health risk assessment

To understand the degree of harm to the human body caused
by heavy elements in road dust in Zhengzhou City via differ-
ent exposure pathways, the health risk assessment model pro-
posed by the US Environmental Protection Agency (USEPA)
was employed to evaluate carcinogenic and noncarcinogenic
risks to public health (USEPA 1989; USEPA 2017). The HQ
and HI values of each heavy element in all samples were
calculated using the model to comprehend the noncarcinogen-
ic risk of exposure to adults and children at each study site.
Several HQ values of descriptive statistical significance for
each element for children and adult exposure are displayed
in Table S7.
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Fig.7 Boxplot of ecological risk index (RI) values in different functional
areas

The USEPA (1996) declares that the noncarcinogenic risk
can be disregarded if the HQ values were less than 1 x 10°°,
whereas remedial measures should be implemented if the
values are sufficiently large and exceed 1x 107* (Kurt-
Karakus 2012). The HQ values of eight heavy elements for
different exposure pathways were investigated. The results
(Table S7) express that, for children and adults, the HQj,, of
all elements, HQgermar values of Cr, and HQy4por of Hg on
average were larger than 1x 107, Of even greater concern
is that the HQjpn, values of As for children and HQj,, values
of Pb for children and adults exceeded 1 x 1072, For the
noncancer exposure risk to humans of Hg, according to the
HQ values in different exposure pathways, the order of four
exposure pathways were decreasing as follows: inhalation of
vapor > ingestion > dermal contact > inhalation through
mouth and nose. The results reveal that the reduction of the
potential contamination of the vapor form of HM in the atmo-
sphere is more difficult via road sweeping, which is a cleaning
mechanism. On the other hand, for most other elements, the
route of ingestion appears to be the primary exposure pathway
of noncarcinogenic exposure risk for both children and adults
in Zhengzhou, followed by dermal contact though exposure
skin and inhalation via the mouth and nose. This finding is
similar to that obtained by analyses of previous studies
(Mohmand et al. 2015; Weerasundara et al. 2018) and under-
scores the reason people should pay attention to personal hy-
giene, reduce the frequency of hand-to-mouth behavior, and
apply proper skin protection measures outdoors, especially for
children with rapid bone growth and a higher exposure risk
(Chen et al. 2014).

The HI values, which is the sum of the HQs in different
exposure pathways, were calculated with the average values
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of each heavy element in the road deposition samples for
different functional areas. According to the analysis of the
statistical data in Table 5, for adults and children, the order
of the HI values of all heavy elements at risk in different
functional areas is expressed as follows: CA > IA > RA >
EA > PA. Although the noncancer risk index of each heavy
element for children were an order of magnitude higher than
that for adults in corresponding functional areas, no significant
difference among the areas was observed. Among the heavy
element exposure of the human body to urban dust in various
functional areas, children have the highest noncarcinogenic
exposure risk (HI>0.1) to lead in IA and CA. Moreover, Pb
is deleterious to human health (Ackah 2019), even at low
concentrations, by causing disruption to the nervous system
and development. On the other hand, high blood Pb levels can
replace Ca* ions in bones, which causes bone deformity
(Mohmand et al. 2015), especially for children, and could
have destructive effects on the human nervous system, kidney,
and brain tissues (Duan et al. 2018; Rahman et al. 2019).
Therefore, people who are chronically exposed to industrial
and commercial areas need extra protection, especially
children.

The analysis reveals that the HI spatial distribution trend of
each heavy element for both adults and children is consistent.
Since children are more susceptible than adults, the hazard
index for the same heavy element at the same concentration
is greater for children than for adults (Ackah 2019). The spa-
tial distributions of the HI values for children for each element
are presented in Fig. 8 using the data of 29 sample sites (av-
erage of three subsampling points).

The HI values of Hg described in the distribution diagram
indicate that children and adults are subjected to a higher

health risk in the middle of the study area and tiny discrep-
ancy appeared between them with a 0.99 times lower risk to
children than adults in the corresponding sites. Minor differ-
ences also arose in the HI values of Cr, Ni, As, and Cd with a
1.86, 2.24, 2.27, and 1.78 times, respectively, higher risk to
children than adults. The spatial distribution of the
noncancer hazard risk caused by Cd was higher in the north-
ern of Zhengzhou and that of As was higher in the northern
and western. The HI values of Ni and Cr were greater north-
west of Zhengzhou, which may be due to the excessive metal
content in the IA1(3) sample in the industrial area, where
robots are mainly manufactured by using nickel hydride bat-
teries or nickel-cadmium batteries and chromium alloys.
Among children and adults, the largest disparities were ob-
served in the risk values for Cu, Zn, and Pb at levels that were
9.30, 9.28, and 9.26 times, respectively, higher for children
than adults, which is almost an order of magnitude higher.
Whether in CA, RA, or PA, copper, zinc, and lead, which are
typically related to the composition and use of automobiles
(Yang et al. 2019), all pose larger health risks for both adults
and children in the city central area of Zhengzhou. This phe-
nomenon implies that a large noncancer health risk can be
attributed to intense human activities, such as traffic conges-
tion and large crowds. This finding also shows that HEs in
road dust can influence the heavy elements content in the
surrounding road sediment via certain diffusion (Men et al.
2018b).

The computation of the CR values of carcinogenic heavy
elements, Cr, Ni, As, and Cd in this study, in all samples
indicates that the cancer risk for Ni, As, and Cd could be
negligible with an average CR value of 6.59 x 107'°, 9.69 x
107'° and 2.05x10°'°, respectively (Table 5), which were

Table 5 HI values of each heavy element exposed to adults and children and CR values of carcinogenic element in different functional areas of

Zhengzhou, China.

EA 1A RA CA PA
Adult Children  Adult Children  Adult Children  Adult Children  Adult Children
HI Cr 9.14E-03 1.70E-02 1.66E-02 3.09E—02 1.16E-02 2.15E-02 1.54E-01 2.87E-02 843E-03 1.57E-02
Ni 1.86E—04 4.17E-04 2.83E-04 6.34E-04 1.84E-04 4.14E-04 1.86E-04 4.18E-04 1.62E-04 3.65E-04
Cu 4.08E-04 3.80E-03 3.30E-04 3.07E-03 5.68E-04 528E-03 7.42E-04 6.90E-03 286E-04 2.66E-03
Zn 3.67E-04 3.40E-03 3.16E-04 2.93E-03 3.93E-04 3.64E-03 348E-04 3.23E-03 2.26E-04 2.09E-03
As 1.07E-02 2.43E-02 9.70E-03 2.20E-02 1.02E-02 231E-02 9.20E-03 2.09E-02 1.07E-02 2.42E-02
Cd 991E-04 1.76E-03 5.14E-04 9.13E-04 5.79E-04 1.03E-03 845E-04 1.50E-03 5.40E-04 9.59E-04
Pb 9.77E—03 9.05E-02 1.18E—02 1.09E-01 1.04E-02 9.65E-02 1.38E-02 1.28E-01 7.10E-03 6.58E—02
Hg 1.04E-02 1.03E-02 9.79E-03 9.67E-03 1.54E-02 1.52E-02 1.60E-02 1.58E—03 7.98E—03 7.88E—03
Sum of elements 4.20E—02 1.52E-01 4.93E-02 1.79E-01 4.93E-02 1.67E-01 5.65E-02 2.05E-01 3.54E-02 1.20E-01
CR Cr 8.91E-08 1.62E-07 1.13E-07 1.50E-07 8.22E-08
Ni 6.33E-10 9.63E-10 6.28E-10 6.35E-10 5.54E-10
As 1.03E-09 9.32E-10 9.76E-10 8.84E-10 1.03E-09
Cd 2.91E-10 1.51E-10 1.70E-10 248E-10 1.59E-10
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under the lower limit of threshold values (10°® to 10™*). The
higher value among them was the As exposure, and the most
common adverse health effects of arsenic toxicity are skin
lesions (melanosis, keratosis, and leucomelanosis), which
are considered the early symptoms of arsenic poisoning
(Shil and Singh 2019). The Cr (1.17 x 1077 cancer risk to
the public in Zhengzhou was potentially close to the lower
limit value (10°°), especially in the sample collected inside
the industrial area with 8.55x 107", According to the CR
values of the carcinogenic elements in the five different func-
tional areas, the cancer health risks of Cr and Ni were the
highest in the industrial area, followed by CA, RA or EA,
and PA, which has a similar order of hazard index values. In
addition, chromium is extensively employed to protect alloy
surfaces and building materials, as well as electroplating, bat-
teries, plastics, and fertilizers (Li et al. 2017). Thus, the com-
mercial and educational building construction and the use of
batteries and plastics in residential areas may explain the
higher CR values of Cr in the EA, CA, and RA. Therefore,
the cancer exposure risk to humans of Cr, especially in indus-
trial areas, should be given substantial attention. Moreover,
the health risk to the public posed by other pollutants, such
as polycyclic aromatic hydrocarbons, PM2.5, or other unde-
tected heavy metals, such as Mn and Fe, or in some high-
pollution areas, such as mining area, should also be taken into
account in a comprehensive assessment of the pollution risks
for a city.

Conclusions

The mean concentrations of Cr and Ni in 87 samples collected
from five different functional areas were lower than the back-
ground values in Zhengzhou, while the Cd and Hg concentra-
tion values in road dust samples were 7.25 and 10 times great-
er, respectively, than the background values in soil. In addi-
tion, considerable pollution due to Pb was detected in the IA
and CA, and the ecological risk in different functional areas
was decreased in the following order: CA > RA > EA > 1A >
PA. Among the heavy element exposure of the human body to
urban dust in various functional areas, the highest noncarci-
nogenic exposure risk (HI > 0.1) of children to lead in IA and
CA was observed. Copper, zinc, and lead, which are typically
related to the assembly and use of automobiles, pose larger
health risks for both adults and children in the CA, RA, and
PA of the downtown area in Zhengzhou. The highest noncar-
cinogenic exposure risk of Cr and Ni in northwestern
Zhengzhou is due to point source pollution. It is noteworthy
that the cancer risk value of Cr was more likely to be near the
lower limit of the threshold value, especially inside the indus-
trial area.
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