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Dust might be the main source of
human exposure to heavy metals, espe-
cially for young children.

Apparent non-carcinogenic risks were
observed, with Cd, Cr and Pb as domi-
nant contributors.
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Battery manufacturing has been ongoing for over six decades in the “Battery Industrial Capital” (located in Xin-
xiang City) of China, but the potential exposure pathways of residents in this region to HMs remain unclear. To
clarify the exposure pathways and health risk of human exposure to HMs, hand wipe samples (n=82) and fin-
gernail samples (n=36) were collected from residents (including young children (0-6 years old), children
(7-12 years old) and adults (30-60 years old)) living around battery factories. The total concentrations of the tar-
get HMs (Zn, Mn, Cu, Pb, Ni, Cr, Cd, Co) in hand wipes ranged from 133 to 8040 ug/mz, and those in fingernails
ranged from 9.7-566 pg/g. HM levels in the hand wipe and fingernail samples both decreased with age, and
higher HM levels were observed for males than females. The HM composition profiles in these two matrices rep-
resented a high degree of similarity, with Zn as the predominant element, and thus, oral ingestion and dermal
exposure via dust were expected to be the most important HM exposure pathways for residents in this region.
The non-carcinogenic risks (HQs) from dermal and oral ingestion exposure to Cd, Cr, and Pb were higher than
those of the other five elements for all three populations, and the HQgerrm of Cd for young children was 2.1
(HQora1=0.6). Moreover, the hazard index (HI) values of >_gHMs for young children (Hlo=5.2, Hlpra=2.0,
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Hlgermai=3.2) and children (Hlota=1.6, Hlorai=1.3, Hlgermai=0.3) exceeded the safe threshold (1.0). Therefore,
young children and children should be prioritized for protection from HM pollution, and more attention should
be paid to young children's dermal exposure to Cd in this region.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals (HMs) are ubiquitous in the environment and can
adversely impact human respiratory function, pulmonary function,
and intellectual function throughout life (Madrigal et al., 2018;
Zeng et al., 2016). HMs can accumulate in tissues and organs of the
human body and are difficult to metabolize. For example, Pb can
accumulate in the human brain, causing neurological diseases, and
may also induce heart cerebrovascular disease; Ni may cause chronic
lung lesions (e.g., idiopathic pulmonary fibrosis); the carcinogenic
HMs including Cd, Cr, Ni and Pb can induce cancer. Hence, human ex-
posure to HMs and the corresponding health risks have attracted
continuous attention (Anyanwu et al., 2018; Koedrith et al., 2013;
Zahra and Chemistry, 2017).

Humans are exposed to HMs through near-field exposure pathways,
e.g., non-dietary dust ingestion, and far-field exposure pathways,
e.g., food consumption (Li et al., 2019). Previous studies indicated that
food ingestion is the primary exposure pathway for humans living
near a typical HM-contaminated area due to the tendency for food
self-sufficiency of local people (Cao et al., 2014; Cao et al., 2015; Du
et al., 2019). However, a recent study from a fourth-tier city in China
evaluated the patterns of human exposure to HMs through multiple
pathways using various samples, including food, drinking water, soil,
dust, and airborne particles (Zhang et al., 2019), indicating that the
levels of HMs in daily food were low and inhalation exposure via air-
borne particles has become the main HM exposure pathway. Similarly,
several other recent studies have also highlighted the significance of en-
vironmental matrices such as dust and atmospheric particles as signifi-
cant HM vectors, and human exposure to HMs via these matrices should
catch more concern (Cotter-Howells and Thornton, 1991; Day et al.,
2007).

Dust is one of the most important carriers of HMs and has a smaller
particle size than soil (Pan et al., 2017; Sutherland, 2003). HMs in dust
can easily enter the human body by ingestion, inhalation and dermal ab-
sorption and can therefore contribute to human exposure to HMs. HM
pollution in street dust (Glorennec et al., 2012; Hou et al., 2019) and in-
door dust (Barrio-Parra et al., 2018; Cotter-Howells and Thornton,
1991) has increased dramatically in urban environments as a result of
rapid urbanization and industrialization during the last few decades;
such pollution has been extensively studied all over the world in recent
years (Duan et al., 2016; Hu et al., 2020; Li et al., 2014). Almost all these
studies evaluated human exposure to HMs using settled dust samples;
however, a few studies have been conducted using the skin wipe ap-
proach, which has recently been applied to measure the contamination
levels of chemicals on the human skin surface, which can reflect the
characteristics of human exposure to contaminants more accurately
than settled dust can (Cao et al., 2018; Cao et al., 2019b; Liu et al.,
2017c; Taylor et al., 2013). Moreover, skin wipes, e.g., hand wipes,
may be a better matrix than settled dust because they are easy to collect
and can reflect integrated exposure from multiple environments and
the effects of personal habits (e.g., touching and hand washing fre-
quency) (Liu et al, 2018).

For long-term biomonitoring and understanding the adverse effects
of HMs, human fingernails have been used as internal exposure indica-
tors to HMs in several studies (Hussein Were et al., 2008; Parizanganeh
et al,, 2014; Wongsasuluk et al., 2018). On the one hand, concentrations
of HMs in nails have been reported to be orders of magnitude higher
than those in body fluids and other accessible tissues (Sukumar and
Subramanian, 2007). On the other hand, as bio-indicators of HMs,

nails have distinct advantages because they can be collected,
transported and stored easily and inexpensively. Thus, nails are more
feasible than other matrices for the assessment of human retrospective
exposure to HMs, and a growing number of studies have used human
nails as internal indicators to explore HM levels in the human body
(Gutierrez-Gonzalez et al., 2019; Hussein Were et al, 2008;
Parizanganeh et al., 2014; Wongsasuluk et al., 2018).

Research concerning human exposure to HMs has been focused
on people living in metropolises and industrial areas, such as coal
and metal mines and coke plants (Augustsson et al., 2016; Du et al.,
2019; Saha et al., 2017). In addition to these hotspots, battery facto-
ries are also significant HM emission source, and HMs can be re-
leased to the environment during the manufacturing of batteries.
However, human exposure to HMs around battery factories have
only been considered in a few studies (Cai et al., 2019; Johnston
etal, 2019; Liu et al., 2017a; Wu et al., 2020). Although the battery
industry is now developed in China, the HM exposure characteristics
of people living near battery factories have rarely been explored, and
relevant data are rather limited. Because the adverse health effects of
HMs and their environmental pollution are well known by the Chi-
nese government and the public, strict measures have been taken
in China to prevent human exposure to HMs, especially through
the food consumption pathway. Therefore, the main exposure path-
ways and relevant health risks from HMs for residents living in bat-
tery manufacturing areas in China are in urgent need to be clarified.

To fill these gaps, taking Xinxiang, the “Battery Industrial Capital”
of China, as an example, this study analysed HMs (Zn, Mn, Cu, Pb, Ni,
Cr, Cd, Co) in hand wipe and fingernail samples collected from young
children, children and adults living around battery factories in this
study. The main objectives were to 1) investigate the contamination
characteristics of HMs in hand wipes and fingernails, as well as the
potential health risk; 2) explore the association between HM occur-
rence in fingernail and hand wipe samples and the potential
influencing factors of human exposure to HMs; and 3) illustrate the
main source and pathway of human exposure to HMs in this region.
The results of this study provide significant implications for local
governments to conduct effective measures to ensure the health of
local populations.

2. Materials and methods
2.1. Sampling information

The samples were collected in rural areas around battery factories
located in Xinxiang, Henan province, a medium-sized city in central
China, where more than 500 battery enterprises of all sizes are
distributed, and all types of batteries, including lead-acid batteries,
lithium batteries, and nickel-cadmium batteries have been
manufactured liberally for more than 60 years. In this region, resi-
dents have been forbidden to grow crops on the local land because
wheat produced in this region was found to be seriously contami-
nated with Cd several years ago (He, 2012; Jiang et al., 2020). All
these policies help to ensure that food items consumed by residents
in this region are safe and not contaminated by HMs. A total of 82
hand wipe samples (47 males, 35 females) and 36 fingernail samples
(15 males, 21 females) were collected in the spring of 2018. To ex-
plore the influence of age, the sample providers were divided into
three age groups, i.e., young children (0-6 years old; n=34 for
hand wipes, n=10 for fingernails), children (7-12 years old; n=25
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for hand wipes, n=15 for fingernails), and adults (30-60 years old;
n=23 for hand wipes, n=11 for fingernails), and the detailed sam-
pling information is presented in the Supporting Information (SI)
Table S1. Participants were required not to wash their hands for at
least 2 h prior to sampling, and ethical approval for this investigation
was obtained from the Research Ethics Committee of Henan Normal
University.

2.2. Sampling method

Hand wipe and fingernail samples were collected from young chil-
dren and children at a local primary school, and adult hand wipe and
fingernail samples were collected in the village. Ghost wipes were
used to collect hand wipe samples, similar to previous studies (Taylor
etal,, 2015; Taylor et al., 2013). For each participant, the entire hand sur-
face of two hands was wiped two times using one surface of a Ghost
wipe and then wiped two additional times using the other side (Liu
etal, 2017b). The surface area of human hands was referenced from Ex-
posure Factors Handbook of Chinese Population (Wang and Duan,
2016; Zhao and Duan, 2013; Zhao and Duan, 2016). The Ghost wipes
were then put back into a 60-mL, pre-cleaned (combusted at 450 °C
for 6 h) brown glass jar. All 82 samples were stored in a refrigerator at
—4 °C until analysis. Fingernails were cut from fingers with sterilized
stainless steel scissors. A total of 36 fingernail samples were collected,
and all samples were kept in plastic bags and stored in a —4 °C refriger-
ator prior to analysis. Relevant information on the age and sex of all par-
ticipants was also recorded during sampling.

2.3. Sample analysis and detection

2.3.1. Hand wipe samples

Samples were dried at 40 °C for 1 h in a dryer to remove moisture.
After drying, each sample was placed in a 100-mL polytetrafluoroethylene
tank. A total of 8 mL of nitric acid and 2 mL of hydrofluoric acid were
added in sequence, and the tanks were kept for 6 h at room temperature
to prevent excessive foaming. Then, the samples were digested in a micro-
wave digestion system for 10 min at 130 °C, then 10 min at 150 °C,
followed by 15 min at 180 °C, and finally 15 min at 210 °C. After cooling,
the extract was filtered with a 0.45 pum polyethylene filter and dissolved in
50 mL deionized water (Cao et al., 2018). Finally, the HM concentrations
of the samples were determined by inductively coupled plasma mass
spectrometry (ICP-MS) similar to our former researches (Cao et al., 2018).

2.3.2. Fingernail samples

All fingernails were washed 3 times with detergent and deionized
water with ultrasonic cleaning assistance for 10 min to remove the sur-
face dirt. Then, the samples were kept in labelled vials and dried at 60 °C
to a constant weight. After that, all samples were accurately weighed
three times and transferred into 100-mL polytetrafluoroethylene
tanks, and 6 mL of nitric acid was added to the tanks. Samples were
predigested for 1 h at 100 °C and held for 5 min. Then, the samples
were digested in a microwave digestion system for 7 min at 120 °C,
then 10 min at 160 °C, and finally 30 min at 190 °C (Mehra and Juneja,
2005). After cooling, the extracts were filtered with a 0.45 pum polyeth-
ylene filter and dissolved in 50 mL deionized water, and ICP-MS was
used to detect the concentration of HMs.

2.4. Quality assurance and quality control

During the sampling process, all the items needed for sampling were
regularly placed in an enclosed box to ensure that the sampling process
was orderly and pollution-free. One standard reference material (Geo-
chemistry reference matter GSS-2), one reagent blank (for fingernails)
or one blank Ghost wipe was analysed per 10 samples to assure the ac-
curacy and repeatability of the analysis procedure. For these 12 standard
samples, the recoveries of all elements were in the range of 80% to 120%,
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and the relative standard deviations were 8.5%, 7.6%, 7.4%, 7.3%, 7.0%,
5.6%, 5.1%, and 4.1% for Cd, Cu, Ni, Pb, Mn, Cr, Zn, and Co, respectively.
All of the blanks (n=12) were below the detection limit for all elements.
All tubes and bottles were previously soaked overnight in HNO3 (20%)
and rinsed thoroughly with distilled water before use. The limit of quan-
tification (LOQ) was defined as 10 times the standard deviation of 10
runs of blank measurements, and the LOQs for Cd, Cu, Ni, Pb, Mn, Cr,
Zn, and Co ranged from 0.1 to 0.6 pg/L.

2.5. Statistical analysis

Statistical analyses were performed using the SPSS statistical
software package, version 17.0 (SPSS Inc.). The Shapiro-Wilk test
was used to examine whether the data were normally or log-
normally distributed. The results revealed that all data were not
log-normally distributed. As a consequence, nonparametric methods
were used in the bivariate comparisons (Mann-Whitney U test), and
Spearman's rank correlation tests were used to investigate bivariate
correlations. For multivariate comparisons of HMs in hand wipes and
fingernails, we used the Kruskal-Wallis test and principal compo-
nent analysis (PCA).

2.6. Exposure models and parameters

Human exposure to HMs via dust particle adhered to hand sur-
faces occurs through two main pathways: dermal uptake and oral in-
gestion through hand-to-mouth contact. The human exposure dose
are expressed in a daily average dose (DAD, pg/kg-BW-d) in this
study. Oral ingestion exposure through hand-to-mouth contact was
calculated from Eq. (1) (Liu et al., 2018). The dermal uptake doses
of HMs can be estimated from Eq. (2) (Liu et al., 2018). In the equa-
tions, Cyy (1g/m?) is the concentration of the HMs on hand wipes;
SA1 (cm?/event) is the skin area contacted in each hand-to-mouth
event, SA1 is 10% of SA2 (Stapleton et al., 2008); SA2 (cm?) is the
hand area; F (times/h) is the number of hand-to-mouth events per
day; TE (%) is the transfer efficiency of HMs in hand-to-mouth
event; ET (hours/d) is the exposure time; N (times/d) is the daily
exposure frequency; BW (kg) is body weight; ABS (unitless) is the
absorption factor. The parameter values for each population of peo-
ple are shown in Table S2.

Cy x SA1 x FxTE x ET

DADqy = W (1)
Cy x SA2 x ABS x ET x N
DADgerm = f BW (2)

2.7. Health risk assessment

The non-carcinogenic risk was evaluated by means of the hazard
quotient (HQ) and hazard index (HI) (Cao et al,, 2019a). HI corresponds
to the sum of the individual HQs calculated for each element in the
study. If the value of HI is <1, it is believed that there is no significant
risk of non-carcinogenic effects. If the value of HI is >1, it means that
non-carcinogenic effects may occur, and the effects probably increase
with an increasing value of HI. The non-carcinogenic risks via dermal
contact and oral ingestion were estimated by the following equations
(Egs. (3) and (4)) (Cao et al., 2019a). The reference doses (RfDs) of
heavy metals for the two exposure pathways (ug/kg-BW-d) are
shown in Table S3.

DADderm DADoral
- ——oral 3
Q Rﬂ:)derm Rﬂ:)oral ( )
HI = "HQ; (4)
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Table 1
Concentrations of detected HMs in hand wipes (ug/m?) and fingernails (pg/g).
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Element Hand wipes (ug/m?) Element Fingernails (pg/g)
Max Min Geomean Mean Median cv Max Min Geomean Mean Median cv

Pb 486 3.0 43.7 79.1 47.5 1.21 Pb 130 0.2 6.3 15.5 83 1.54
Cr 408 0.0 174 439 28.8 1.50 Cr 8.0 0.1 14 2.1 1.5 0.86
Ni 318 14 374 67.8 51.0 0.93 Ni 29.7 0.2 2.4 4.5 2.6 1.36
Mn 736 44 90.9 160 161 0.86 Mn 28.6 0.2 23 4.0 24 1.25
Cu 519 1.7 489 99.2 79.0 1.05 Cu 22.7 0.4 4.6 6.2 5.5 0.75
Zn 7080 59.5 744 1320 956 1.07 Zn 507 7.3 67.2 98.6 81.3 0.93
Cd 93.0 0.0 10.1 20.2 16.0 0.97 cd 5.7 0.0 0.6 1.1 0.8 1.02
Co 75.0 0.0 5.4 10.5 9.2 1.01 Co 1.7 0.0 0.1 0.2 0.1 1.48

> gHMs 8040 133 1130 1810 1450 0.91 > gHMs 566 9.7 93.1 132 118 0.82

CV: Coefficient of Variation.

3. Results and discussion
3.1. HM levels and profiles in hand wipes and fingernails

The concentrations and profiles of the 8 HMs in all hand wipes and
fingernails are summarized in Table 1 and Fig. 1. The concentrations of
> gHMs in the hand wipes and fingernails ranged from 133 to
8040 pg/m? and 9.7 to 566 ug/g, with geometric means (GMs) of
1130 pg/m? and 93.1 pg/g, respectively. For hand wipe samples, the con-
centrations of HMs ranked in decreasing order as follows:
Zn>Mn>Cu>Pb>Ni>Cr>Cd>Co, with GM values of 744, 90.9, 48.9,
43.7,37.4,17.4,10.1,54 ug/mz, respectively, accounting on average
for approximately 75 + 87%,9 4+ 8%,5 4+ 6%,4 4+ 6%,4 + 4%, 2 + 4%,
1+ 1% and 1 + 1% of ) _gHMs. The concentrations of HMs in the finger-
nail samples presented a slightly different order of Zn (67.2 pg/g) > Pb
(6.3 ng/g) > Cu (4.6 pg/g) > Ni (2.4 pg/g) > Mn (2.3 pg/g) > Cr
(1.4 pg/g) > Cd (0.6 ng/g) > Co (0.1 pg/g), contributing average propor-
tions of 72 4+ 84%, 7 4+ 22%,5 4+ 4%,3 4+ 6%,2 + 5%,2 + 2%,1 4+ 1%,and 0
+ 0% to >_gHMs, respectively.

Overall, similar HM profiles were observed in the two media, with
Zn and Cu as the most abundant components (Fig. 1). Most HMs con-
tributed similar proportions to Y _gHMs in these two media; however,
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Fig. 1. Concentration profile of detected HMs in hand wipes and fingernails of young
children, children, and adults.

Mn contributed a much higher proportion to Y _gHMSs in hand wipes
(9%) than in fingernails (2%) (p=0.000). These data indicated that for
most HMs, dust might be a significant human exposure source, while
for Mn, other potential pathways might contribute more to human in-
ternal exposure. Our result was consistent with several former studies
that found that the human exposure pathway to Mn was generally dif-
ferent from that for other HMs. For example, Zhang et al. (Zhang et al.,
2019) indicated that human exposure to Mn was largely attributed to
diet (72%), while exposure to HMs such as Zn, Pb, and Cd was ascribed
to inhalation. Gutierrez-Gonzalez et al. also concluded that Mn in toe-
nails was highly correlated with the Mn content in drinking water and
respirable airborne particles, quite different from other elements
(Gutierrez-Gonzalez et al., 2019).

3.2. Influence of age on HM exposure

The GM of Y_gHMs in the hand wipes of young children (2180 pg/
m?, n=34) was significantly higher than those of children (1100 pg/
m?, n=25, and p=0.000) and adults (310 pug/m? n=23, and p=
0.000) (Table S4; Table S6). As shown in Fig. 2, great age-based
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Fig. 2. Concentrations of detected HMs in hand wipes (a) and fingernails (b) of young
children (n=34; n=10), children (n=25; n=15) and adults (n=23; n=11).
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variations were found for most elements in hand wipes among the three
populations, especially between young children and adults. In terms of
Zn, the GM load on hands was 1550 pg/m? for young children, 2.2
times and 715 times higher than those for children and adults, respec-
tively. The GM loads of Cd, Cr, Pb, Ni, Mn and Cu on hands were 27.5,
66.7, 68.3, 96.2, 126, and 224 ug/m2 for young children, 1.9, 2.9, 1.0,
1.9, 1.5 and 1.6 times and 14.2, 23.3, 65.9, 50.5, 82.0 and 138 times
higher than those for children and adults. Unconventionally, no signifi-
cant difference between young children (68.3 ug/m?) and children
(65.9 pg/m?) was found for Pb (p=0.529) (Table S6). Young children
and children showed much higher HM loads on hands than did adults,
which might be attributed to their distinct behavioural activities,
e.g., frequent contact with all kinds of surfaces and settled dust (Miller
et al., 2002; Van den Eede et al., 2015). Conversely, the hand wipes of
adults, presenting the lowest HM levels, were in accordance with better
hygienic habits and a lower risk of contact with dust.

Compared with the limited literature data (Table S7), the Pb level in
hand wipes of young children in this study (68.3 pg/m?) was much
higher than that of undergraduates from the urban area of Xinxiang,
China (6.4 ug/m?) (Cao et al., 2018); slightly lower than that of 2-
year-old children from the urban area of Birmingham, UK (158 pg/m?)
(Davies et al., 1990); much lower than that of children from the mining
village of Winster, UK (367 pg/m?) (Cotter-Howells and Thornton,
1991); and much lower than that of South Australia children after
playing in a playground near the Port Pirie lead smelter (the world's
third largest lead-zinc smelter) (253-10,227 ug/m?) (Taylor et al.,
2013; Taylor et al., 2014).

The Cr level in hand wipes of young children in this study was
66.7 pg/m?, which was much higher than that of undergraduates from
the urban area of Xinxiang, China (4.9 pg/m?) (Cao et al., 2018) and sim-
ilar to those of Swedish carpenters (70 ug/m?) (Liden et al., 2008),
Swedish dental technicians (60 pg/m?) (Kettelarij et al., 2016), and
Swedish healthy participants (4.8-270 pg/m?) (Erfani et al., 2017),
while much lower than those of Swedish locksmiths (450 pg/m?)
(Liden et al., 2008), Danish adults who work with metals and leather
(100-2000 pg/m?) (Bregnbak et al., 2016), and cemented tungsten car-
bide workers (375 pg/m?) from the southern United States (Day et al.,
2009). The Cr level of children in this study (23.3 ug/m?) was compara-
ble with those of Swedish cashiers (30 ug/m?) and secretaries (20 ug/
m?) (Liden et al., 2008).

To the best of our knowledge, participants in most studies focused
on determining HM exposure associated with dust on hands generally
live in highly HM-contaminated areas. Notably, HM doses in hand
wipes might be strongly influenced by behavioural and individual dif-
ferences (e.g., age- and population-dependent human exposure factors)
and dust loads on hands but are not solely determined by the HM con-
tamination level in dust (Glorennec et al., 2012). Hence, the elevated
levels of HMs found in hand wipes generally reflect a combination of
heavy HM pollution levels in dust and poor personal hygienic habits. Al-
though related research is particularly limited, through the above com-
parison with the available literature data, it is generally concluded that
the young children in the present study suffered a much higher risk of
exposure to Cr and Pb through dust than did other populations, while
the exposure risks for children and adults in this region were not prom-
inent. However, for Co and Nij, the three populations in this study suf-
fered lower exposure risks than did other subjects in the related
literature (Table S7). Nevertheless, according to the literature, data on
Cd, Cu, Mn and Zn in hand wipes are scarce, and we cannot compare
the levels of Cd, Cu, Mn and Zn in hand wipes with literature data,
which makes it difficult to evaluate the contamination levels of these el-
ements in hand wipes in this study.

For fingernail samples, while the Y gHM concentrations were higher
for young children (177 pg/g, n=10) and children (86.3 pg/g, n=15)
than adults (57.7 pg/g, n=11), no significant differences compared to
the concentrations in hand wipes were observed considering the rela-
tively small sample sizes (p>0.05), and similar patterns were also
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reported in a former study (Mehra and Juneja, 2004) (Table S5;
Table S6). Specifically, the concentrations of most elements in finger-
nails were ~2 times higher (except for Pb, which was 5 times higher)
for young children than for children, and the HM concentrations for
children was generally comparable with those for adults (except for
Cd, which was ~3 times higher in children), indicating compared with
adult exposure levels, the internal exposure levels of young children
and children to Cd and Pb were distinct among the eight HMs.

To clarify the internal exposure levels to HMs of residents in this re-
gion, the data in this study were adequately compared with the litera-
ture (Table S8). Specifically, the Pb level in fingernails of young
children in this study (19.2 pg/g) was much higher than those of
smokers from Mansoura, Egypt (4.75 pg/g) (Mortada et al., 2002), adults
from Katowice, the “coal capital” of Poland (11.2 pg/g) (Nowak and
Chmielnicka, 2000), adults from an agricultural polluted area in
Thailand (9.57 pg/g) (Wongsasuluk et al., 2018), businessmen from
New Delhi, India (9.8 ug/g) (Sukumar and Subramanian, 2007), victims
of As exposure from West Bengal, India (11.0 ug/g) (Samanta et al.,
2004), Chinese centenarians (1.33 pg/g) (Li et al,, 2011) and northern
Swedish adults (1.06 pg/g) (Rodushkin and Axelsson, 2000); similar to
the Pb levels in fingernails of children from typical industrial cities in
Kenya (25.9 pg/g) (Hussein Were et al., 2008) and adults from
Pakistan (20.1 ug/g) (Batool et al., 2015); but much lower than those
of Indian smokers (92.3 ng/g), non-vegetarians (50.6 pg/g), and liquor
users (33.7 yg/g) subjected to persistent exposure in battery factories
and roadway workshops (Mehra and Juneja, 2005).

The Cr level in fingernails of young children in this study was 2.0 ug/
g, which was much higher than those of adults from northern Sweden
(0.76 pg/g) (Rodushkin and Axelsson, 2000) and Chinese centenarians
(0.82 pg/g) (Li et al.,, 2011); higher those of businessmen from New
Delhi (1.4 pg/g) (Sukumar and Subramanian, 2007) and adults from
LHR city, Pakistan (1.0 pg/g) (Batool et al., 2015); and much lower
than those of adults from Katowice, Poland (18.1 pg/g) (Nowak and
Chmielnicka, 2000), and Indian smokers (156 pg/g), non-vegetarians
(136 ug/g), and liquor users (86.3 ig/g) subjected to persistent exposure
in battery factories and roadway workshops (Mehra and Juneja, 2005).

Moreover, the concentration of Cd in fingernails of young children in
the present study was 1.4 pg/g, which was much higher than those of
adults from an agricultural polluted area in Thailand (0.024 pg/g)
(Wongsasuluk et al., 2018), adults from an area with high natural back-
ground radiation in Serbia (0.063 pg/g) (Sahoo et al., 2015), Chinese
centenarians (0.023 pg/g) (Li et al., 2011), northern Swedish adults
(0.061 pg/g) (Rodushkin and Axelsson, 2000), victims of As exposure
from West Bengal, India (0.32 pg/g) (Samanta et al., 2004), and children
from a Kenyan industrial area (0.82 pg/g) (Hussein Were et al., 2008);
similar to those of smokers from Mansoura, Egypt (1.44 pg/g)
(Mortada et al.,, 2002), adults from Katowice, Poland (1.2 ug/g)
(Nowak and Chmielnicka, 2000), and Indian non-vegetarian adults
(1.31 pg/g) (Mehra and Juneja, 2005); and slightly lower than those of
adults from LHR city, regarded as the most polluted area in Pakistan
(1.7 pg/g) (Batool et al., 2015), New Delhi businessmen (2.1 ng/g)
(Sukumar and Subramanian, 2007) and Indian adults including smokers
(3.56 ng/g) and liquor users (2.01 pg/g) subjected to persistent exposure
in battery factories and roadway workshops (Mehra and Juneja, 2005).

Conversely, the levels of Zn, Cu, Mn, Ni, and Co in fingernails of
young children in this study (Zn: 116, Cu: 6.6, Mn: 4.3, Ni: 4.0, Co:
0.2 pg/g) were on the same order of magnitude as the literature data
or relatively low compared with most of the literature (Table S8).
These data indicated that young children in this area had higher internal
exposure levels to Cd, Cr and Pb, which can derive from battery
manufacturing. In the literature, elevated Cd, Cr and Pb emissions
have been attributed to intensive battery production (Liu et al., 2017a;
Yuan et al., 2019; Zhang et al.,, 2020). The lower levels of other HMs, in-
cluding Zn, Cu, Mn, Ni, and Co, in fingernails could be due to a lack of
contamination sources, e.g., traffic and industrial activities, in this region
(Yang et al,, 2016).
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Generally, humans are exposed to HMs via diet, inhalation, dust in-
gestion and dermal uptake, and HMs can accumulate in the human
body with age. Theoretically, if humans are predominantly exposed
via diet or inhalation, the internal levels of HMs in humans should be
proportional to age, similar to observed data for, e.g., polychlorinated bi-
phenyls (PCBs) (Rylander et al.,, 1997; Thomsen et al., 2007). However,
this study found that HM levels in fingernails, as an indicator of internal
biological exposure, were negatively correlated with age, similar to the
levels in hand wipes, which implies that exposure to dust, e.g., via hand-
to-mouth contact, was possibly the dominant HM exposure source for
residents living in this region. Otherwise, as HM contamination in soils
of this region is well known and planting crops has been forbidden in
this region, diet is expected to be a negligible human exposure pathway
for HMs, similar to the findings of a recent study (Zhang et al., 2019).
Our results verified that dust has become the most important human
exposure source of HMs, which should arouse more concern from the
government and residents in this region. Therefore, the higher HM
levels here in young children and children than in adults may mainly
be attributed to dust exposure. Different lifestyles and activities, includ-
ing frequent contact with dust, hand-to-mouth contact, and not fully
developed hygienic habits, might be the predominant reasons for the
increased internal HM levels of young children and children. To further
decrease human exposure to HMs, especially for young children and
children in this region, measures and strategies related to decreasing
dust exposure should be prioritized.

3.3. Influence of gender on HM exposure

Fig. 3 compares HM levels in hand wipe and fingernail samples be-
tween males and females. The Mann-Whitney U test was conducted to
examine the influence of gender on HM concentrations (Table S9), and
overall, no significant difference was observed between males (1300 pg/
m? and 103 ug/g, n=47 and n=15) and females (938 pg/m? and
86.9 pg/g, n=35 and n=21) for Y_gHMs in both hand wipes (p>0.05)
and fingernails (p>0.05) (Table S10; Table S11). Specifically, for hand
wipe samples, Mn (p=0.031), Pb (p=0.009) and Cd (p=0.019) were sig-
nificantly higher in males (119, 57.8, and 12.9 ug/m?) than in females
(63.5, 30.0, and 7.3 ug/m?), whereas for the other five elements (Zn, Cu,
Cr, Ni, and Co), no obvious gender differences were observed (p>0.05).
For fingernail samples, although no significant differences were found,
the concentrations of Zn, Cu, Mn, Cd, and Co were higher for males than
for females (p>0.05), with GM values of 75.8, 5.9, 3.2, 0.8, and 0.1 pg/g
for males, 1.2, 1.5, 1.7, 1.6, and 1.8 times higher than those for females, re-
spectively, while Pb, Ni, and Cr presented higher concentrations of 7.1, 2.6
and 1.5 pg/g for females (p>0.05), which were 1.4, 1.1 and 1.2 and times
higher than those for males.

The differences could be attributed to the slightly different behav-
iour patterns between males and females. Males were generally found
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Fig. 3. Ratios of HM concentrations for males/females in hand wipes and fingernails.
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to have more dust particles on their hands (24.2 mg) than females
(17.8 mg) (Wang et al., 2015). For example, males may pursue more
outdoor activities, e.g., playing or working, than females. On average,
the levels of most HMs (Zn, Cu, Mn, Cd, and Co) in males were higher
both in hand wipes and fingernails; these similarities also imply dust
to be a dominant exposure source. However, for fingernails, higher con-
centrations of Pb, Ni, and Cr were found in females, which can be ex-
plained as follows. Females participate in more cooking activities than
males. Studies have reported significant increases in indoor PM 5 levels
and some HMs (e. g. Zn, Cu, Pb, Ni, and Cr) loaded in PM, 5 from cooking
activities. Fuel and cooking implements also release metals (e.g., Ni and
Cr) during cooking activities (Li et al., 2015; Lu et al., 2019; See and
Balasubramanian, 2008). Similar to results in previous studies from
the U.S. and New Delhi, females also had higher Pb concentrations
than males in shed deciduous teeth and nails collected from children
living near a lead-acid battery smelter (Johnston et al., 2019) and adults
living in urban areas (Sukumar and Subramanian, 2007). Moreover, ac-
cording to the literature, Pb-contaminated soils can be an important
contributor to household dust, and boys and girls have different soil
Pb uptake patterns, which can cause females to be exposed to more
Pb than males (Johnston et al., 2019).

3.4. Source and pathways of human exposure to HMs

Hand wipes are an indicator of external exposure, especially dust ex-
posure, and fingernails are an indicator of internal exposure, reflecting
integrated exposure. By analysing the correlation between HM occur-
rences in these two matrices, the human exposure pathways to HMs
are illustrated as follows.

First, both in hand wipes and fingernails, significant correlations
were found between most elements (p<0.01). Specifically, the Pb
level was significantly correlated with Cd and Cu. The Cr level was sig-
nificantly correlated with Cd, Co, Mn, and Ni; the Ni level was signifi-
cantly correlated with Cd, Co, Cu, and Mn; the Mn level was
significantly correlated with Cd, Co, Cu, and Zn; the Cu level was signif-
icantly correlated with Cd and Co; the Zn level was significantly corre-
lated with Cd; and the Cd level was significantly correlated with Co
(Table S12), indicating that HMs on human hands and fingernails
might originate from the same exposure source, with dust as the most
probable matrix. Moreover, according to the PCA results (Fig. S1), two
similar factors were distinguished in both matrices. PCA1 for hand
wipes and fingernails had heavy loadings of Cd, Co, Cr, Cu, Mn, Ni, and
Zn. PCA2 showed a high loading of Pb, indicating dust to be a strong ex-
ternal source of residual HMs in fingernails. Furthermore, as discussed
in the above sections, the 8 HMs shared similar composition profiles
in hand wipe and fingernail samples, the concentrations of HMs showed
a significant negative correlation with age, and males were generally ex-
posed to more HMs. These differences can only be attributed to the dif-
ferent exposure patterns to dust of the three populations, considering
that HM exposure via food might be similar between genders and
among age groups. Overall, it is deduced that HMs in dust could be a sig-
nificant source for human internal exposure to HMs in this region.

3.5. Exposure and health risk assessment

Based on the above analysis, we found that age is a major
influencing factor for human exposure to HMs, while gender did
not significantly affect human HM exposure. Thus, we calculated
the HM exposure doses via oral ingestion and dermal uptake and re-
lated health risks for young children, children and adults, but a cor-
responding comparison between genders was not investigated.
Generally, the GM ingestion doses of Y_gHMs for young children,
children and adults via hand-to-mouth contact (53.8 pg/kg-BW-d,
32.5 pg/kg-BW-d and 0.5 pg/kg-BW-d) were approximately 30,
180, and 2.5 times higher than the dermal uptake doses
(1.8 ug/kg-BW-d, 0.2 ng/kg-BW-d and 0.1 ug/kg-BW-d) (Fig. S2),
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indicating that young children had much higher HM exposure doses
than children and adults and oral ingestion, rather than dermal uptake,
was the dominant HM exposure route for all populations. The total GM
daily average dose (DAD,,,) from oral ingestion among the diverse
HMs decreased in the order of Zn>Mn>Cu>Ni>Pb>Cr>Cd>Co for
young children, Zn>Mn>Cu>Pb>Ni>Cr>Cd>Co for children, and
Zn>Mn>Pb>Cu>Ni>Cr>Cd>Co for adults, among which the DAD;;
values of Zn and Mn were 35.5 and 5.1 pg/kg-BW -d for young children,
18.5 and 3.6 pg/kg-BW -d for children, and 0.4 and 0.02 pg/kg-BW -d for
adults, respectively. The order of the exposure doses to each HM for the
three age groups via dermal uptake is similar to that of oral ingestion
(Fig. S3).

Among these 8 HMs, Cd, Pb and Cr were the greatest contributors to
the total human health risk (Fig. S4; S5). The HQ values of these three el-
ements for the ingestion and dermal exposure pathways were 6.3x107 ",
45x1071,and 5.1x10~ ! and 2.1,9.9x1072, and 8.5x10~! for young chil-
dren; 3.7x1071, 49%x107?, and 2.0x10~! and 2.0x107!, 1.8x1072, and
5.6x1072 for children; and 2.4x1073, 6.1x107>, and 8.5x10™* and
2.4x1072,4.1x1073, and 4.3x1073 for adults, respectively (Table 2).
The HQqermar 0f Cd for young children (2.1) exceeded the threshold, im-
plying the presence of non-cancer risks. In addition to depending on the
exposure dose, the non-carcinogenic risk for HMs is also related to the
toxicity or RfD value of the HMs. In this study, the toxicity of the eight
HM:s via dermal contact and ingestion decreased in the following order:
Cd> Cr>Pb>Mn> Ni>Cu>Co>Znand Cd > Cr>Pb> Ni~x Co
> Cu> Mn > Zn, respectively (Table S3). For the two pathways, the expo-
sure dose of Zn was highest among the eight HMs, but its non-
carcinogenic risk was low, while the exposure doses of Cd, Cr and Pb
were the highest due to their high toxicity and low RfD values.

In total, Y gHMs exhibited a higher HI for young children (5.2)
than children (1.6) and adults (0.1) (Table 2), indicating that HMs
posed a greater heath risk to young children and children. According
to the literature, it has been established that metal toxicity and ab-
sorption are elevated in children under six years of age compared
to adults due to their not having fully developed nervous system
and other organs (Hussein Were et al., 2008). Moreover, because
the studied region is located in a rural area, the personal hygiene sta-
tus of skin is relatively poor (e.g., there is a lower frequency of skin
cleaning and higher load of dust on hands), which potentially in-
creases the probability of human exposure to HMs, particularly for
young children and children. Thus, we should pay more attention
to HM exposure in young children and children in this region, and
measures should be conducted to reduce HM pollution in dust, espe-
cially for Cd, Cr and Pb.

This study, to the best of our knowledge, has established an HM
exposure database and age- and gender-based variation characteris-
tics of HM exposure for residents around battery factories in China
for the first time. The results highlight dust as a significant and
even predominant contributor to human health risk from exposure
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to HMs. Moreover, Cd, Cr, and Pb were found to be the HMs with
the highest contamination levels, which is consistent with reports
several years ago that wheat was polluted by Cd. All of this evidence
indicates that diverse battery factories and battery manufacturing
are the main source of HM pollution in this region. These findings
will provide scientifically robust support for further facilitating the
prevention and control of HM pollution and the abatement of HM
emissions in the battery manufacturing industry in China. HM expo-
sure levels, sources, routes, and health risk assessments can be com-
bined to gain a better forecast of the HM influences on humans living
near battery manufacturing facilities. However, on account of the dif-
ficulty of sample collection, due to limited cooperation, the sample
size is relatively small in this pilot study, which may reduce the sta-
tistical power of the results. Variance during the sampling procedure
was unavoidable, and it could bring about certain uncertainties in
the results and conclusions of this study. Furthermore, samples col-
lected at one time point are unable to represent residents’ exposure
to HMs over time. Additionally, dermal exposure risks were not fully
estimated in the present study because the skin of only the hand, not
the whole body, was considered. A more comprehensive and longi-
tudinal study covering all types of environmental matrices including
airborne particles, diet, and drinking water should be conducted to
further clarify the exposure pathways and health risks to diverse
HMs for residents in this region in the future.

4. Conclusions

This is the first study devoted to investigating the characteristics
and influencing factors of human exposure to HMs in the “Battery In-
dustrial Capital” of China. Generally, Zn presented the highest levels
in both hand wipes and fingernails, and the HM levels in the two
media were found to be affected significantly by age and human be-
haviour patterns, while gender had a weak effect on HM exposure.
The levels of Cd, Cr and Pb in the fingernails of young children were
higher than those of other relevant populations in most literature,
and the levels of HMs in hand wipes from young children were
much higher than those from children and adults. We first proposed
that dust may be a dominant HM exposure source for residents near
battery factories, and therefore, ingestion and dermal uptake via dust
could be new dominant HM exposure pathways for residents in this
area. The HI values of young children and children were 5.2 and 1.6,
respectively, and that of adults was far below the safe level of 1, indi-
cating that young children and children are more vulnerable to HM
pollution than adults in this region and should be regarded as the
priority for protection against HM contamination in dust. Moreover,
Cd, Cr and Pb were major contributors to total health risks, and the
HQ from dermal uptake of young children to Cd was greater than 1,
indicating that Cd-induced health risks need to be given more atten-
tion and controlled in the near future.

Table 2
Non-carcinogenic risk from exposure to HMs for the three populations.
Element Young children Children Adults
HQoral Contribution ~ HQgerm  Contribution HQoral Contribution ~ HQgerm  Contribution HQoral Contribution ~ HQgerm  Contribution
Zn 1.2x107! 6% 2.0x1072 1% 6.2x1072 4% 1.7x1073 1% 1.3x1073 11% 6.5x107% 2%
Mn  1.1x107! 5% 9.3x102 3% 7.6x102 6% 1.1x1072 4% 48x1074 4% 1.2x1073 4%
Cu 7.2x1072 4% 8.0x1073 0% 5.3x1072 4% 9.8x1074 0% 2.6x107% 2% 8.6x107° 0%
Ni 1.1x107! 6% 1.4x102 0% 6.6x1072 5% 1.4x1073 0% 49%10~* 4% 1.8x1074 1%
Cr 5.1x107! 25% 8.5x107! 27% 2.0x107! 15% 5.6x1072 19% 8.5x107* 7% 43%x1073 12%
Pb 4.5x107" 22% 9.9x1072 3% 49%x107! 37% 1.8x1072 6% 6.1x1073 51% 41x1073 12%
cd 6.3x107! 31% 2.1 66% 3.7x107! 28% 2.0x107! 70% 24x1073 20% 2.4x1072 69%
Co 1.7x1072 1% 7.1x1074 0% 1.1x1072 1% 7.4x107° 0% 59x107° 1% 7.3x107°¢ 0%
HI 2.0 32 13 2.9x107" 1.2x1072 3.4x1072
Hlotar 5.2 1.6 0.1




M. Shen, M. Ren, Y. Wang et al.
CRediT authorship contribution statement

Conceived and designed the experiments: Mohai Shen, Tingting
Zhang, Zhiguo Cao.

Performed the experiments: Mohai Shen, Meihui Ren, Yange Wang,
Fangfang Shen, Ruojin Dy, Lijun Quan, Ya Wei, Jinghua Li, Guangxuan
Yan, Jianbiao Peng.

Analysed and interpreted the data: Mohai Shen, Meihui Ren,
Tingting Zhang, Zhiguo Cao.

Contributed reagents/materials/analysis tools: Yange Wang,
Fangfang Shen.

Contributed to the writing of the manuscript: Mohai Shen, Meihui
Ren, Zhiguo Cao.

Ethics

Ethical approval for this investigation was obtained from the Re-
search Ethics Committee of Henan Normal University.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This work is supported by the National Natural Science Foundation
of China (41977308, 21806030); the University Science and Technology
Innovation Talent Support Program of Henan Province (20HASTITO11);
the Science Foundation of Henan Normal University (2016PL14,
20180572); and the Key Scientific Research Project Plan of Henan Prov-
ince (16A610002, 17A610007). The authors thank the participants for
their active involvement and support for our study.

Appendix A. Supplementary data

Supporting Information: The SI contains additional detailed infor-
mation on some additional tables and figures, as noted in the text. Sup-
plementary data to this article can be found online at doi:https://doi.
org/10.1016/j.scitotenv.2020.144375

References

Anyanwu, B, Ezejiofor, A, Igweze, Z., Orisakwe, 0., 2018. Heavy metal mixture exposure
and effects in developing nations: an update. Toxics 6, 65.

Augustsson, A, Uddh Soderberg, T., Jarsjo, J., Astrém, M., Olofsson, B., Balfors, B., Destouni,
G., 2016. The risk of overestimating the risk-metal leaching to groundwater near con-
taminated glass waste deposits and exposure via drinking water. Sci. Total Environ.
566-567, 1420-1431.

Barrio-Parra, F., De Miguel, E., Lazaro-Navas, S., Gomez, A., Izquierdo, M., 2018. Indoor
dust metal loadings: a human health risk assessment. Exposure and Health 10 (1),
41-50.

Batool, F., Igbal, S., Chan, KW., Tariq, M.L, Shah, A., Mustageem, M., 2015. Concentrations
of heavy metals in hair and nails of young Pakistanis: correlation with dietary ele-
ments. Environ. Forensic 16 (1), 1-6.

Bregnbak, D., Thyssen, ].P., Jellesen, M.S., Zachariae, C., Johansen, ].D., 2016. Experimental
skin deposition of chromium on the hands following handling of samples of leather
and metal. Contact Dermatitis 75 (2), 89-95.

Cai, L.-M., Wang, Q.-S., Luo, J.,, Chen, L.-G., Zhu, R.-L., Wang, S., Tang, C.-H., 2019. Heavy
metal contamination and health risk assessment for children near a large Cu-
smelter in Central China. Sci. Total Environ. 650, 725-733.

Cao, S., Duan, X, Zhao, X., Ma, J., Wei, F.,, 2014. Health risks from the exposure of children
to As, Se. Pb and other heavy metals near the largest coking plant in China. Sci. Total
Environ. 472, 1001-1009.

Cao, S., Duan, X,, Zhao, X., Wang, B, Ma, ], Fan, D, Sun, C,, He, B., Wei, F,, Jiang, G., 2015.
Health risk assessment of various metal(loid)s via multiple exposure pathways on
children living near a typical lead-acid battery plant. China. Environ. Pollut. 200,
16-23.

Cao, Z., Wang, M., Chen, Q., Zhang, Y., Dong, W., Yang, T., Yan, G., Zhang, X,, Pi, Y., Xi, B., Bu,
Q., 2018. Preliminary assessment on exposure of four typical populations to poten-
tially toxic metals by means of skin wipes under the influence of haze pollution.
Sci. Total Environ. 613-614, 886-893.

Science of the Total Environment 765 (2021) 144375

Cao, Z., Chen, Q., Zhu, C,, Chen, X, Wang, N., Zou, W., Zhang, X,, Zhu, G., Li, J., Mai, B., Luo,
X., 2019a. Halogenated organic pollutant residuals in human bared and clothing-
covered skin areas: source differentiation and comprehensive health risk assessment.
Environ. Sci. Technol. 53 (24), 14700-14708.

Cao, Z., Zhao, L., Zhang, Y., Ren, M., Zhang, Y., Liu, X, Jie, ], Wang, Z., Li, C,, Shen, M., Bu, Q,,
2019b. Influence of air pollution on inhalation and dermal exposure of human to or-
ganophosphate flame retardants: a case study during a prolonged haze episode. En-
viron. Sci. Technol. 53 (7), 3880-3887.

Cotter-Howells, J., Thornton, 1., 1991. Sources and pathways of environmental lead to chil-
dren in a Derbyshire mining village. Environ. Geochem. Health 13 (2), 127-135.
Davies, D.J.A,, Thornton, L., Watt, .M., Culbard, E.B., Harvey, P.G., Delves, H.T., Sherlock, ].C.,
Smart, G.A., Thomas, J.F.A,, Quinn, M., 1990. Lead intake and blood lead in two-year-

old UK. urban children. Sci. Total Environ. 90, 13-29.

Day, G.A,, Dufresne, A, Stefaniak, A.B., Schuler, CR,, Stanton, M.L., Miller, W.E., Kent, M.S,,
Deubner, D.C., Kreiss, K., Hoover, M.D., 2007. Exposure pathway assessment at a
copper-beryllium alloy facility. Ann. Occup. Hyg. 51 (1), 67-80.

Day, G.A, Virji, M.A, Stefaniak, A.B., 2009. Characterization of exposures among cemented
tungsten carbide workers. Part II: assessment of surface contamination and skin ex-
posures to cobalt, chromium and nickel. Journal of Exposure Science and Environ-
mental Epidemiology 19 (4), 423-434.

Du, Y., Chen, L., Ding, P., Liu, L., He, Q., Chen, B., Duan, Y., 2019. Different exposure profile
of heavy metal and health risk between residents near a Pb-Zn mine and a Mn mine
in Huayuan county, South China. Chemosphere 216, 352-364.

Duan, Q.N,, Lee, ].C, Liy, Y.S., Chen, H., Hu, H.Y., 2016. Distribution of heavy metal pollution
in surface soil samples in China: a graphical review. Bull. Environ. Contam. Toxicol. 97
(3), 303-309.

Erfani, B, Midander, K., Liden, C,, Julander, A., 2017. Development, validation and testing
of a skin sampling method for assessment of metal exposure. Contact Dermatitis 77
(1),17-24.

Glorennec, P., Lucas, J.P., Mandin, C,, Le Bot, B., 2012. French children's exposure to metals
via ingestion of indoor dust, outdoor playground dust and soil: contamination data.
Environ. Int. 45, 129-134.

Gutierrez-Gonzalez, E., Garcia-Esquinas, E., Fernandez de Larrea-Baz, N., Salcedo-Bellido,
I, Navas-Acien, A., Lope, V., Luis Gomez-Ariza, J., Pastor, R,, Pollan, M., Perez-Gomez,
B., 2019. Toenails as biomarker of exposure to essential trace metals: a review. Envi-
ron. Res. 179.

He, C., 2012. Pollution Characteristics and Treatment of Heavy Metals in Soils around Typ-
ical Industrial Area. Xinxiang city. Master thesis of Henan Normal University.

Hou, S., Zheng, N., Tang, L., Ji, X, Li, Y., Hua, X., 2019. Pollution characteristics, sources, and
health risk assessment of human exposure to Cu, Zn, Cd and Pb pollution in urban
street dust across China between 2009 and 2018. Environ. Int. 128, 430-437.

Hu, B,, Shao, S., Ni, H,, Fu, Z., Huy, L., Zhou, Y., Min, X,, She, S., Chen, S., Huang, M., Zhou, L., Li,
Y. and Shi, Z. 2020 Current status, spatial features, health risks, and potential driving
factors of soil heavy metal pollution in China at province level. Environ. Pollut.
(Barking, Essex : 1987) 266(Pt 3), 114961.

Hussein Were, F., Njue, W., Murungi, J., Wanjau, R., 2008. Use of human nails as bio-
indicators of heavy metals environmental exposure among school age children in
Kenya. Sci. Total Environ. 393 (2-3), 376-384.

Jiang, Y., Ruan, X. and Ma, J. 2020 Heavy metal pollution and classification management of
sewage irrigation farmland around a battery factory in Xinxiang, Henan Province.
Acta Sci. Circumstant./Huanjing Kexue Xuebao 40(2), 645-654.

Johnston, J.E., Franklin, M., Roh, H., Austin, C., Arora, M., 2019. Lead and arsenic in shed de-
ciduous teeth of children living near a lead-acid battery smelter. Environ. Sci. Technol.
53 (10), 6000-6006.

Kettelarij, J., Nilsson, S., Midander, K., Liden, C,, Julander, A., 2016. Snapshot of cobalt, chro-
mium and nickel exposure in dental technicians. Contact Dermatitis 75 (6), 370-376.

Koedrith, P., Kim, H., Weon, ].-L,, Seo, Y.R., 2013. Toxicogenomic approaches for under-
standing molecular mechanisms of heavy metal mutagenicity and carcinogenicity.
Int. ]. Hyg. Environ. Health 216 (5), 587-598.

Li, Y., Zou, X, Lv,]., Yang, L., Li, H,, Wang, W., 2011. Trace elements in fingernails of healthy
Chinese centenarians. Biol. Trace Elem. Res. 145 (2), 158-165.

Li, Z., Ma, Z., van der Kuijp, TJ., Yuan, Z., Huang, L., 2014. A review of soil heavy metal pol-
lution from mines in China: pollution and health risk assessment. Sci. Total Environ.
468-469, 843-853.

Li, Y.-C,, Shu, M., Ho, S.S.H.,, Wang, C,, Cao, ].-]., Wang, G.-H., Wang, X.-X., Wang, K., Zhao,
X.-Q., 2015. Characteristics of PM2.5 emitted from different cooking activities in
China. Atmos. Res. 166, 83-91.

Li, L., Arnot, J.A., Wania, F., 2019. How are humans exposed to organic chemicals released
to indoor air? Environ. Sci. Technol. 53 (19), 11276-11284.

Liden, C, Skare, L., Nise, G., Vahter, M., 2008. Deposition of nickel, chromium, and cobalt
on the skin in some occupations - assessment by acid wipe sampling. Contact Derma-
titis 58 (6), 347-354.

Liu, W,, Tian, J., Chen, L., Guo, Y., 2017a. Temporal and spatial characteristics of lead emis-
sions from the lead-acid battery manufacturing industry in China. Environ. Pollut.
220, 696-703.

Liu, X,, Yu, G., Cao, Z., Wang, B., Huang, |., Deng, S., Wang, Y., 2017b. Occurrence of organ-
ophosphorus flame retardants on skin wipes: insight into human exposure from der-
mal absorption. Environ. Int. 98, 113-119.

Liu, X, Yu, G., Cao, Z, Wang, B., Huang, J,, Deng, S., Wang, Y., Shen, H., Peng, X., 2017c. Es-
timation of human exposure to halogenated flame retardants through dermal ad-
sorption by skin wipe. Chemosphere 168, 272-278.

Liu, X,, Cao, Z,, Yu, G., Wu, M,, Li, X,, Zhang, Y., Wang, B., Huang, J., 2018. Estimation of ex-
posure to organic flame retardants via hand wipe, surface wipe, and dust: compara-
bility of different assessment strategies. Environ. Sci. Technol. 52 (17), 9946-9953.


https://doi.org/10.1016/j.scitotenv.2020.144375
https://doi.org/10.1016/j.scitotenv.2020.144375
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0005
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0005
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0010
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0010
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0010
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0015
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0015
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0015
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0020
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0020
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0020
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0030
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0030
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0030
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0035
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0035
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0035
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0040
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0040
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0040
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0045
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0045
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0045
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0050
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0050
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0050
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0055
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0055
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0055
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0060
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0060
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0070
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0070
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0075
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0075
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0075
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0075
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0085
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0085
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0085
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0090
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0090
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0090
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0095
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0095
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0095
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0105
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0105
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0110
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0110
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0110
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0115
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0115
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0115
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0120
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0120
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0120
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0125
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0125
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0135
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0135
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0140
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0140
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0140
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0145
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0145
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0150
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0150
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0160
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0160
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0160
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0170
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0170
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0170
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0175
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0175
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0175

M. Shen, M. Ren, Y. Wang et al.

Lu, F, Shen, B, Yuan, P., Li, S., Sun, Y., Mei, X,, 2019. The emission of PM2.5 in respiratory
zone from Chinese family cooking and its health effect. Sci. Total Environ. 654,
671-677.

Madrigal, J.M., Persky, V., Pappalardo, A., Argos, M., 2018. Association of heavy metals
with measures of pulmonary function in children and youth: results from the Na-
tional Health and Nutrition Examination Survey (NHANES). Environ. Int. 121,
871-878.

Mehra, R, Juneja, M., 2004. Biological monitoring of lead and cadmium in human hair and
nail and their correlations with biopsy materials, age and exposure. Indian J. Biochem.
Biophys. 41, 53-56.

Mehra, R. and Juneja, M. 2005 Fingernails as biological indices of metal exposure. J. Biosci.
(Bangalore) 30(2), 253-257.

Miller, M.D., Marty, M.A,, Arcus, A., Brown, ]., Morry, D., Sandy, M., 2002. Differences be-
tween children and adults: implications for risk assessment at California EPA. Int.
J. Toxicol. 21 (5), 403-418.

Mortada, W.L, Sobh, M.A., el-Defrawy, M.M., Farahat, S.E., 2002. Reference intervals of
cadmium, lead, and mercury in blood, urine, hair, and nails among residents in
Mansoura city, Nile delta, Egypt. Environ. Res. 90 (2), 104-110.

Nowak, B., Chmielnicka, J., 2000. Relationship of Lead and cadmium to essential elements
in hair, teeth, and nails of environmentally exposed people. Ecotoxicol. Environ. Saf.
46 (3), 265-274.

Pan, H,, Ly, X, Lei, K,, 2017. A comprehensive analysis of heavy metals in urban road dust
of Xi’an, China: contamination, source apportionment and spatial distribution. Sci.
Total Environ. 609, 1361-1369.

Parizanganeh, A., Zamani, A., Bijnavand, V., Taghilou, B., 2014. Human nail usage as a bio-
indicator in contamination monitoring of heavy metals in Dizajabaad. Zanjan
province-Iran. Journal of Environmental Health Science and Engineering 12.

Rodushkin, I., Axelsson, M.D., 2000. Application of double focusing sector field ICP-MS for
multielemental characterization of human hair and nails. Part II. A study of the inhab-
itants of northern Sweden. Sci. Total Environ. 262 (1-2), 21-36.

Rylander, L., Dyremark, E., Stromberg, U., Ostman, C., Hagmar, L., 1997. The impact of age,
lactation and dietary habits on PCB in plasma in Swedish women. Sci. Total Environ.
207 (1), 55-61.

Saha, N., Rahman, M.S., Ahmed, M.B., Zhou, ].L., Ngo, H.H., Guo, W., 2017. Industrial metal
pollution in water and probabilistic assessment of human health risk. J. Environ.
Manag. 185, 70-78.

Sahoo, SK., Zunic, Z.S., Kritsananuwat, R., Zagrodzki, P., Bossew, P., Veselinovic, N., Mishra,
S., Yonehara, H., Tokonami, S., 2015. Distribution of uranium, thorium and some sta-
ble trace and toxic elements in human hair and nails in Niska Banja Town, a high nat-
ural background radiation area of Serbia (Balkan Region, South-East Europe).
J. Environ. Radioact. 145, 66-77.

Samanta, G., Sharma, R., Roychowdhury, T., Chakraborti, D., 2004. Arsenic and other ele-
ments in hair, nails, and skin-scales of arsenic victims in West Bengal. India. Sci.
Total Environ. 326 (1-3), 33-47.

See, S.W., Balasubramanian, R., 2008. Chemical characteristics of fine particles emitted
from different gas cooking methods. Atmos. Environ. 42 (39), 8852-8862.

Stapleton, H.M,, Kelly, S.M., Allen, ].G., McClean, M.D., Webster, T.F., 2008. Measurement of
polybrominated diphenyl ethers on hand wipes: estimating exposure from hand-to-
mouth contact. Environ. Sci. Technol. 42 (9), 3329-3334.

Sukumar, A., Subramanian, R., 2007. Relative element levels in the paired samples of scalp
hair and fingernails of patients from New Delhi. Sci. Total Environ. 372 (2-3),
474-479.

Science of the Total Environment 765 (2021) 144375

Sutherland, R.A. 2003 Lead in grain size fractions of road-deposited sediment.

Taylor, M.P., Camenzuli, D., Kristensen, L,J., Forbes, M., Zahran, S., 2013. Environmental
lead exposure risks associated with children's outdoor playgrounds. Environ. Pollut.
178, 447-454.

Taylor, M.P., Mould, S.A., Kristensen, LJ., Rouillon, M., 2014. Environmental arsenic, cad-
mium and lead dust emissions from metal mine operations: implications for environ-
mental management, monitoring and human health. Environ. Res. 135, 296-303.

Taylor, M., Zahran, S., Kristensen, L., Rouillon, M., 2015. Evaluating the efficacy of play-
ground washing to reduce environmental metal exposures. Environ. Pollut. 202,
112-119.

Thomsen, C,, Liane, V.H., Becher, G., 2007. Automated solid-phase extraction for the deter-
mination of polybrominated diphenyl ethers and polychlorinated biphenyls in serum
—application on archived Norwegian samples from 1977 to 2003. J. Chromatogr. B
846 (1), 252-263.

Van den Eede, N., Heffernan, A.L., Aylward, L.L., Hobson, P., Neels, H., Mueller, J.F., Covaci,
A., 2015. Age as a determinant of phosphate flame retardant exposure of the
Australian population and identification of novel urinary PFR metabolites. Environ.
Int. 74, 1-8.

Wang, B., Duan, X., 2016. Exposure Factors Handbook of Chinese Population: Children:
0-5 Years. China Environmental Science Press.

Wang, S., Ma, L, Pan, L, Lin, C,, Wang, B., Duan, X,, 2015. Quantification of soil/dust (SD)
on the hands of children from Hubei Province, China using hand wipes. Ecotoxicol.
Environ. Saf. 120, 193-197.

Wongsasuluk, P., Chotpantarat, S., Siriwong, W., Robson, M., 2018. Using hair and finger-
nails in binary logistic regression for bio-monitoring of heavy metals/metalloid in
groundwater in intensively agricultural areas. Thailand. Environ. Res. 162, 106-118.

Wu, HY,, Yang, F,, Li, H.P,, Li, Q.B,, Zhang, F.L, Ba, Y., Cui, LX, Sun, LL., Lv, T.C, Wang, N.,
Zhu, J.Y., 2020. Heavy metal pollution and health risk assessment of agricultural soil
near a smelter in an industrial city in China. Int. J. Environ. Health Res. 30 (2),
174-186.

Yang, J., Teng, Y., Song, L., Zuo, R., 2016. Tracing sources and contamination assessments of
heavy metals in road and foliar dusts in a typical Mining City, China. PLoS One 11
(12), e0168528.

Yuan, Z., Luo, T, Liy, X,, Hua, H., Zhuang, Y., Zhang, X., Zhang, L., Zhang, Y., Xu, W., Ren, ].,
2019. Tracing anthropogenic cadmium emissions: from sources to pollution. Sci. Total
Environ. 676, 87-96.

Zahra, NJ.PJ.o.A. and Chemistry, E. 2017 Perilous effects of heavy metals contamination
on human health.

Zeng, X., Xu, X., Boezen, H.M., Huo, X., 2016. Children with health impairments by heavy
metals in an e-waste recycling area. Chemosphere 148, 408-415.

Zhang, H., Mao, Z., Huang, K., Wang, X., Cheng, L., Zeng, L., Zhou, Y., Jing, T., 2019. Multiple
exposure pathways and health risk assessment of heavy metal(loid)s for children liv-
ing in fourth-tier cities in Hubei Province. Environ. Int. 129, 517-524.

Zhang, Y., Wang, B., Cheng, Q., Li, X,, Li, Z., 2020. Removal of toxic heavy metal ions (Pb, Cr,
Cu, Ni, Zn, Co, Hg, and Cd) from waste batteries or lithium cells using nanosized metal
oxides: a review. J. Nanosci. Nanotechnol. 20 (12), 7231-7254.

Zhao, X., Duan, X,, 2013. Exposure Factors Handbook of Chinese Population: Adults. China
Environmental Science Press.

Zhao, X., Duan, X., 2016. Exposure Factors Handbook of Chinese Population: Children:
6-17 Years. China Environmental Science Press.


http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0180
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0180
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0180
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0190
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0190
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0190
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0195
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0195
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0195
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0200
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0200
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0200
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0205
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0205
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0205
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0210
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0210
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0210
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0215
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0215
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0215
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0220
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0220
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0220
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0225
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0225
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0225
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0230
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0230
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0230
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0235
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0235
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0235
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0235
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0240
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0240
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0240
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0245
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0245
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0250
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0250
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0250
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0255
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0255
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0255
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0260
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0260
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0260
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0265
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0265
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0265
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0270
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0270
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0270
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0275
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0275
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0275
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0275
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0280
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0280
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0280
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0285
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0285
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0290
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0290
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0290
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0295
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0295
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0295
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0300
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0300
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0300
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0305
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0305
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0305
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0310
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0310
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0315
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0315
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0320
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0320
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0320
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0325
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0325
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0325
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0330
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0330
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0335
http://refhub.elsevier.com/S0048-9697(20)37906-7/rf0335

	Identifying dust as the dominant source of exposure to heavy metals for residents around battery factories in the Battery I...
	1. Introduction
	2. Materials and methods
	2.1. Sampling information
	2.2. Sampling method
	2.3. Sample analysis and detection
	2.3.1. Hand wipe samples
	2.3.2. Fingernail samples

	2.4. Quality assurance and quality control
	2.5. Statistical analysis
	2.6. Exposure models and parameters
	2.7. Health risk assessment

	3. Results and discussion
	3.1. HM levels and profiles in hand wipes and fingernails
	3.2. Influence of age on HM exposure
	3.3. Influence of gender on HM exposure
	3.4. Source and pathways of human exposure to HMs
	3.5. Exposure and health risk assessment

	4. Conclusions
	CRediT authorship contribution statement
	Ethics
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




