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• In vitro Pb bioaccessibility was assessed by PBET assay.
• Calcium may play an important role in reducing intestinal Pb bioaccessibility.
• Dust is an important contributor to the Pb exposure of children.
• Health risk of Pb in dust for children was serious.
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a b s t r a c t

In this study, ground surface dust samples from two contrasting areas, a former zinc smelting area in
Guizhou Province and a common urban district in Wuhan city, Hubei Province, China, were assessed for
in vitro Pb bioaccessibility using a physiologically based extraction test (PBET). Extremely elevated con-
centrations of Pb (220–6348 mg/kg) and other trace metals were observed in the zinc smelting area. While
moderate high metal concentrations (79–1544 mg/kg of Pb) in the urban dusts were attributed to various
urban activities, coal combustion and traffic emissions. Lead bioaccessibility in the stomach-phase varied
from 17.6 to 76.1% and no significant difference was found between industrial and urban dust samples.
Compared with the stomach-phase, Pb bioaccessibility in the more alkaline intestinal-phase was consid-
erably lower (1.2–21.8%). A significantly negative correlation was found between dust Ca concentrations
and Pb bioaccessibility in the intestinal-phase, suggesting that Ca plays an important role in reducing
the bioaccessible Pb in the intestinal-phase. The estimated Pb exposure based on gastric bioaccessible Pb
was 13.9 and 1.8 �g/kg day for children living in the industrial and urban areas, respectively, accounting
for 85% and 41% of their corresponding total Pb exposure.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Lead (Pb) is a ubiquitous non-essential element in the envi-
ronment and has numerous acute and chronic adverse effects on
humans, especially children, by influencing their nervous system
and reducing their intelligence [1]. Without strict pollution con-
trol measures, anthropogenic generated Pb contaminants can be
released and transferred to various environmental settings, such
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as water, soil/dust and plant, resulting in significant degradation of
the ecosystems [2–8].

Dust is a representative environmental media that can serve as
a sink for contaminants that are deposited from the atmosphere.
Meanwhile, dust is also a secondary source of contaminants in sur-
face environments. Contaminants containing dust particles can be
re-suspended into the atmosphere or be adhered onto human skins.
Through inhalation, dermal contact and ingestion, dust/soil parti-
cles can enter the human bodies and subsequently result in elevated
exposure to toxic contaminants [9–12]. In dusty environments, it
has been estimated that adults could ingest up to 100 mg of soil
per day. While for children, the daily intake of soil may be as high
as 200 mg due to their common habits of hand-to-mouth activities
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[13]. Dust has now been recognized as the most important contrib-
utor to the Pb exposure of children. Many studies had found close
relationships between dust Pb concentrations and children’s blood
Pb levels (BLLs) [14–17].

The real uptake (i.e., absorption) of Pb via dust ingestion is
greatly dependent on the solubility (i.e., bioaccessibility) of Pb in
the gastrointestinal system [18–20]. Due to the complex, time con-
suming and cost prohibitive nature of vivo assays [21], the oral
bioaccessibility of Pb in soil/dust matrix has been usually predicted
by various in vitro methods, such as dilute HCl extraction [22] and
physiologically based extraction test (PBET) [19,20,23]. The PBET
introduces digestive enzyme and pepsin into extraction solutions
and mimics sequentially the chemical conditions in the gut and
intestine and thus may provide valuable mechanistic information
on the Pb mobilization from dust in the gastrointestinal tract [20]. In
addition, the in vitro bioaccessibility measurement has been proved
to be related to in vivo animal bioavailability [18,23,24–26]. How-
ever, many of such tests were designed for soil samples [27], while
the application of PBET for surface dust samples has been relatively
limited [20].

The most important sources of Pb in China are industrial
operations (especially Pb/Zn mining and smelting) and various
urban emissions, such as coal combustion, vehicle emissions,
and municipal waste disposal [2–5]. Therefore, information about
bioaccessibility of Pb from these representative sources is critical
in health assessment for most citizens. In the present study, ground
surface dust samples were collected from both a former zinc smelt-
ing area and a common urban district to characterize the profile
differences in Pb bioaccessibility between these two areas by apply-
ing an in vitro PBET method. Subsequently, the human health risk
associated with dust ingestion was estimated.

2. Materials and methods

2.1. Sample collection

The dust samples were collected from two typical areas.
One is an old industrial region located in southwestern China

(104◦10′–105◦03′E, 26◦46′–27◦28′N) with a population of eight
hundred in 2013. The zinc smelting activities have been operating
in this region since 1950s and banned in 2004 with a cumula-
tive yield of about 300 thousand tons [7,28]. Dust samples in this
region were collected from both indoor and outdoor (living room,
bed room, courtyard and primary school playground) grounds. The
second studied region is a metropolis (Wuhan, 113◦41′–115◦05′E,
29◦58′–31◦22′N) located in central China with a population of ten
million in 2013. The major industries in this city include ferrous
smelters, coal-power plants, chemical plants, machine manufac-
turing, and auto industries. Dust samples in this city were collected
from outdoor ground (courtyard and kindergarten playground).
Thirty seven and twenty one ground surface dust samples were
collected from the industrial area and urban district, respectively,
using a brush and plastic spatula [5]. In addition, relatively uncon-
taminated ground dusts from suburbs of each studied areas were
collected as control samples. All dust samples were stored in sealed
polyethylene bags, labeled and then transported to the laboratory.

2.2. Sample analytical procedure

The dust samples were air-dried at room temperature, and
passed through a 60 mesh sieve (250 �m) to remove rocks, plants,
hair and other impurities. For the determination of Pb and other
elements, 50 mg of sample (<250 �m fraction) were digested using
1 ml of HF and 1 ml of HNO3 in the PTFE-lined stainless steel bombs
heated to 190 ◦C for 24 h. Insoluble residues were dissolved using
6 ml of 40% v/v HNO3 heated to 140 ◦C for 5 h. After cooling down,
about 0.4 ml of the digest was transferred to a centrifuge tube,
and added with 500 ng rhodium in 5% v/v HNO3, then made up to
approximate 10 ml with Milli-Q water (18.2 M� cm, Millipore Inc.).
Rhodium was used as an internal standard to correct for matrix
effects and instrumental drift [29].

Thirty seven dust samples (27 from industrial area and 10 from
urban district) were randomly selected for in vitro bioaccessibil-
ity determination. The PBET employed in this study was adopted
from Ruby et al. [18] with some modifications proposed by Tang
et al. [30]. In brief, the assay included the gastric (pH 1.5, 1 h, 37 ◦C)

Fig. 1. X-ray diffraction pattern of selected dust samples.
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and intestinal-phases (pH 7, 4 h, 37 ◦C). An aliquot of 2.0 g dust was
mixed in 200 ml of synthetic digestive juice (composed of pepsin,
sodium malate, sodium citrate, actic acid, acetic acid, bile salts,
and pancreatin) and maintained in anaerobic conditions by purging
argon gas.

The concentrations of trace metals in the total digested solu-
tion were determined using an inductively coupled plasma – mass
spectrometry (ICP-MS, ELAN DRC-e, PerkinElmer Inc.). While the
concentrations of Pb in PBET were measured using an atomic
absorption spectroscopy (AAS, 5100PC, PerkinElmer Inc.). Major
elements (Al, Ca, Fe, and P) were determined using an induc-
tively coupled plasma-atomic emission spectrometer (ICP-AES).
For quality assurance and quality control (QA/QC), the duplicates,
method blanks and standard reference materials (soil and sediment
SRM: GBW07305, GBW07405, and GBW(E)070009 from National
Standard Material Center, China and NIST 2710 from National
Institute of Standards and Technology, U.S.) were analyzed. Mean
recoveries for studied elements (C(element, measured)/C(element,
certified) × 100) in the four SRMs were between 85% and 113%. The
duplicate samples showed the bias was less than 5%, indicating the
samples are thoroughly homogenized [29].

Mineralogy of the randomly selected dust samples was char-
acterized using a powder X-ray diffractometer (XRD) (X′Pert PRO
DY2198, PANalytical Inc.). The diffraction pattern was recorded
from 3◦ to 65◦.

2.3. Pollution assessment

Pollution assessment for Pb and other trace metals was con-
ducted using the geoaccumulation index (Igeo) introduced by
Müller [31], which is calculated using the following equation:

Igeo = log2[
CSample

1.5 × CBackground
] (1)

where CSample is metal concentration in the dust, CBackground is back-
ground value in the control samples. The factor 1.5 is introduced
in this equation to minimize the effect of possible variations in the
background values. According to Müller [31], the Igeo value is classi-
fied as: uncontaminated (Igeo ≤ 0); uncontaminated to moderately
contaminated (0 < Igeo ≤ 1); moderately contaminated (1 < Igeo ≤ 2);
moderately to heavily contaminated (2 < Igeo ≤ 3); heavily contami-
nated (3 < Igeo ≤ 4); heavily to extremely contaminated (4 < Igeo ≤ 5);
extremely contaminated (Igeo ≥ 5).

2.4. Health risk assessment

Risk assessment of children associated with exposure to Pb-
contaminated dust by ingestion was carried out to evaluate the
noncancer toxic risk of local inhabitants. The average daily intake
(ADI) of Pb through unintentional dust ingestion was calculated as
follow [32,33]:

ADI = C × IngR × EF × ED
BW × AT

× 10−6 (2)

where C is the total concentration of Pb in the dust; IngR is the inges-
tion rate of ground dust, which is assumed to be 200 mg/day [13];
EF is the exposure frequency which is assumed to be 350 day/year
[13]; ED is the exposure duration, namely 6 years [13]; BW is the
average body weight, with 18 kg for pre-school children [34]; and
AT is the averaging time, equivalent to ED × 365 days.

If using the bioaccessible Pb to calculate the ADI, Eq. (2) was
modified to be:

ADI = C × IngR × EF × ED
BW × AT

× B × 10−6 (3)
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Fig. 2. The concentrations (mean ± SD) of Al, Ca, Fe, and P in the dust samples
from industrial and urban areas. The different lower-case letters indicate significant
difference (p < 0.05).

where B is the percentage of bioaccessible fraction of Pb in gastric
or intestinal-phase.

The hazard quotient (HQ) was subsequently calculated as fol-
lows:

HQ = ADI
RfD

(4)

where RfD is a reference dose for Pb, which is assumed to be
3.5 �g/kg day [35]. The HQ assumes that there is a level of expo-
sure (RfD), below which it is unlikely for sensitive populations to
experience adverse health effects. If the exposure level exceeds this
threshold (HQ > 1), potential adverse health effects may come into
play. As a rule, the greater the value of HQ, the greater the level of
concerns [13]. Recent research indicated that there is no evidence of
a threshold for critical Pb induced effects influencing children [36],
therefore, the ever used RfD for Pb (Provisional Tolerable Weekly
Intake, PTWI) is no longer considered appropriate. But we still used
it in our assessment of Pb risk since there is no alternative.

2.5. Statistical analysis

The data were statistically analyzed using the software SPSS
v13.0 (SPSS Inc.). The correlation analysis between metals concen-
trations was conducted by a Pearson correlation, and the level of
significance was set at p < 0.05 and p < 0.01 (two-tailed). An inde-
pendent sample T test (p < 0.05) was used to assess the difference of
observed results between industrial and urban areas and between
the stomach and intestinal phases.

3. Results and discussions

3.1. Dust mineralogy and major element concentrations

The results of XRD analysis of the dust samples are shown in
Fig. 1. The samples from the industrial areas were mainly com-
posed of quartz, illite, calcite, montmorillonite, feldspar, and a
small quantity of iron minerals. Comparatively, the dusts from
the urban environment displayed a slightly more complicated
mineral composition of quartz, montmorillonite, illite, amphibole,
calcite, dolomite, feldspar, and iron minerals. The concentrations of
selected major elements (Al, Ca, Fe, and P) are compared in Fig. 2.
There were no statistical differences (p > 0.05) of the major ele-
ment concentrations between the industrial area and urban district,
except for Ca which exhibited significantly higher (p < 0.05) con-
centrations in the urban district than those in the industrial area.
This may be due to the extensive use of cement and lime in urban
construction.
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Table 1
The concentrations of trace metals in the dust samples (mg/kg).

Pb Cd Co Cr Cu Ni Zn

Industrial area (n = 37)
Mean 2182 26 25 105 371 67 3488
SD 1676 22 9.0 36 413 32 2526
Min 220 2.2 4.0 32 49 11 256
Max 6348 124 42 195 2442 143 8245

Control sample (n = 3) Mean 47 0.74 10 92 75 28 157

Urban district (n = 21)
Mean 281 1.6 14 130 138 33 835
SD 316 1.2 7.4 98 114 11 630
Min 79 0.475 8 64 46 17 243
Max 1544 4.445 39 455 471 61 2459

Control sample (n = 3) Mean 43 0.62 12 57 33 23 121

3.2. Distribution of Pb and other trace metals in dust

The concentrations of Pb along with Cd, Co, Cr, Cu, Ni, and Zn in
the surface dust samples from the industrial area and urban district
are listed in Table 1. For the industrial area, the concentrations of
trace metals in surface dust exhibited considerable variations, espe-
cially for Pb, Cd, Cu, and Zn which varied tens of folds from 220 to
6348 mg/kg, 2.2–124 mg/kg, 49–2442 mg/kg, and 256–8245 mg/kg,
respectively. In comparison with data from the urban district, the
mean concentrations of Pb (2182 mg/kg), Cd (26 mg/kg), and Zn
(3488 mg/kg) from the industrial area were 7.8, 16.3, and 4.2 times
higher, respectively. The correlation matrices between dust metal
concentrations in each studied areas are shown in Table 2, and close
correlations (p < 0.01, r2 = 0.392–0.701, n = 37) among Pb, Cd, and
Zn were noticed in samples from the industrial area. The simulta-
neously elevated concentrations of Pb, Cd, and Zn in surface dust
were also observed in other zinc smelting industrial areas, such
as Zhuzhou [29] and Huludao [37] in China and Avilés in Spain
[38]. Therefore, the composition profiles of Pb, Cd, and Zn can
be a representative fingerprint of zinc smelting activities. For the
urban district, the concentrations of trace metals in the dust were
comparable to those from other common cities, such as Shanghai
[39], Guangzhou [4], HongKong [40], Seoul [41], London [42], and
Oslo [43]. But the variations of metal concentrations were gener-
ally less pronounced than those of the industrial area. Lead and
Zn, for instance, varied about a dozen folds from 79 to 1544 mg/kg
and 243–2459 mg/kg, respectively. In addition, the relationships
between metal concentrations in dust from the urban area were
somewhat different from those of the industrial area (Table 2). For
example, there were no significant correlations between Pb and
other metals in the urban dusts, which may be attributed to a mix-

Table 2
Correlation matrix of trace metals in the dust samples.

Pb Cd Co Cr Cu Ni

Industrial area (n = 37)
Cd 0.626**

Co 0.350* 0.338*

Cr 0.031 0.050 0.575**

Cu 0.479** 0.824** 0.338* 0.082
Ni 0.270 0.454** 0.653** 0.521** 0.678**

Zn 0.837** 0.763** 0.486** 0.0962 0.529** 0.391*

Urban district (n = 21)
Cd 0.192
Co 0.368 0.594**

Cr 0.113 0.281 0.598**

Cu 0.252 0.718** 0.665** 0.703**

Ni 0.204 0.512* 0.695** 0.741** 0.791**

Zn 0.276 0.692** 0.479* 0.230 0.471* 0.382

* Significant level at p < 0.05 (two-tailed).
** Significant level at p < 0.01 (two-tailed).
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Fig. 3. Geoaccumulation index (Igeo) of trace metals in the dust samples from indus-
trial and urban areas.

Table 3
Bioaccessible Pb in the stomach and intestinal phases.

Stomach-phase Intestinal-phase

(mg/kg) (%) (mg/kg) (%)

Industrial area (n = 27)
Mean 1309 41.5 207 5.8
SD 919 12.8 281 5.4
Min 218 19.2 14.5 1.2
Max 3466 76.1 1159 21.8

Urban district (n = 10)
Mean 166 39.0 27.6 8.5
SD 219 17.0 26.6 6.4
Min 31.0 17.6 4.0 1.3
Max 772 64.5 91 17.7

Total (n = 37)
Mean 1000 40.8 158 6.5
SD 942 13.9 253 5.7
Min 31.0 17.6 4.0 1.2
Max 3466 76.1 1159 21.8

ture of multi-sources of Pb within the urban environment, such as
coal combustion and traffic emissions [44].

In comparison with those of the control samples, the concentra-
tions of trace metals in the dusts from both the industrial and urban
areas were notably elevated (Table 1). The contamination status of
trace metals can be clearly reflected by the geoaccumulation index
(Igeo) (Fig. 3). For industrial area, Pb, Cd, and Zn were the principal
metal pollutants, characterized by heavily to extremely contami-
nated (Igeo = 3∼5). While the dust samples from urban district were
only moderately contaminated by Zn, Pb, and Cu (Igeo = 1∼2). Com-
paratively, the contamination of Co, Cr, and Ni in both the studied
areas was moderate-to-low (Igeo = −1∼1).

3.3. Lead bioaccessibility

The bioaccessibility of Pb in selected dust samples is shown in
Table 3. Bioaccessibility in this study is expressed as both absolute
concentration in the stomach and intestinal phases and its rela-
tive percentage of the total concentration digested in concentrated
strong acids.

3.3.1. Bioaccessibility in the stomach-phase
For the overall samples, the bioaccessibility of Pb in stomach-

phase ranged from 17.6 to 76.1% with a mean of 40.8%. Pb
bioaccessibility seems to depend on pollution sources and sample
matrix. High gastric-phase Pb bioaccessibility has been reported for
samples contaminated by lead shot due to the presence of highly
soluble Pb oxides and carbonates [45]. In contrast, low Pb bioac-



X. Bi et al. / Journal of Hazardous Materials 297 (2015) 191–197 195

Table 4
Comparison of estimated daily exposure to Pb through dust ingestion with dietary intake to children in the studies areas.

ADI (�g/kg day) HQ

Dust digestion Dieta Dust digestion Diet

Total Stomach Intestinal Total Stomach Intestinal

Industrial area 27.8 13.8 2.20 2.54 7.94 3.95 0.63 0.73
Urban district 4.27 1.76 0.29 2.54 1.22 0.51 0.08 0.73

a The concentrations of Pb in crops from the industrial area were similar to the average values in China [58,59], thus the average daily Pb intake of the Chinese was used
in both the industrial and urban areas [60].

cessibility was usually found in mine site soils due to the limited
solubility of Pb species such as Pb sulphides, Pb phosphates, ferro-
manganese Pb oxides and iron Pb sulphates [18,46]. In this study,
the Pb bioaccessibility in the dust samples from the Zn smelting
area and urban district was almost the same despite the signif-
icant difference in their total Pb concentrations (Table 1 and 3),
which may be attributed to the similar dust matrix and Pb species
within these samples. Our data have shown that the dust samples
between the two studied areas had similar mineral compositions
and major element concentrations (Figs. 1 and 2). X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) analysis showed that Pb in the urban dust existed
as PbCrO4 and Pb-sorbed goethite, as well as soluble Pb oxides and
carbonates [47]. Lead oxides and carbonates are usually found in
smelting originated contaminants [48,49]. Furthermore, a chemi-
cal sequential extraction analysis revealed that Pb pollutant from
both the industrial area [50,51] and the urban environment [52]
was liable to be bound with carbonate and iron/manganese oxide
fractions. Therefore, a substantial portion of the bioaccessible Pb
in both the industrial and urban dust might be derived from the
dissolution of Pb oxides or/and carbonates.

3.3.2. Bioaccessibility in the intestinal-phase
Compared with that in the gastric-phase, bioaccessible Pb in

the intestine (1.2–21.8%) was significantly lower (p < 0.01). The
mean bioaccessible Pb in the urban dust was slightly higher than
that in the industrial samples, but the difference was not signif-
icant (p > 0.05). A reduction in Pb bioaccessibility from stomach
to intestine has been reported previously in both soil and dust
[20,23,53,54]. A number of studies found that co-precipitation with
Fe and sorption to the amorphous Fe by surface complexation could
reduce Pb bioaccessibility in the intestinal-phase [23,26,45,55].
However, Fe precipitation in the intestinal-phase of PBET assay
was inhibited by citrate-complexed Fe, which has a high stabil-
ity constant [23]. Therefore, the reduction in Pb bioaccessibility
from stomach to intestine in this PBET assay seems to be controlled
by other factors. In this study, a significantly negative correlation
was found between dust Ca concentrations and Pb bioaccessibility
in the intestinal-phase (Fig. 4), suggesting that calcium minerals
may play an important role in reducing the bioaccessible Pb in the
intestinal-phase. A follow-up XANES study is needed to investigate
this inhibition mechanism in intestinal extraction.

3.4. Implications for human exposure associated with dust
ingestion

In this study, the sum of Pb exposure through dust ingestion and
dietary intake was used as an approximate estimation of total Pb
exposure to children, because they are the most important sources
of Pb exposure and generally account for above 90% of the total
exposure inventory [56]. The daily exposure of Pb through inges-
tion of dust and dietary intake for reference is shown in Table 4. The
ADI values calculated from total Pb concentrations were obviously
higher than those from bioaccessible Pb and yielded HQ levels of
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Fig. 4. Relationship between bioaccessible Pb in the intestinal-phase and total Ca
concentrations in the dust.

7.94 and 1.22 for industrial area and urban district, respectively.
In this sense, however, the estimate would be the upper bound.
Compared with the total concentrations, the bioaccessible Pb can
produce more radical results in the exposure assessment because
Pb bioaccessibility usually has a close correlation with in vivo Pb rel-
ative bioavailability [23,26]. If gastric bioaccessible Pb was used for
estimation, the ADI of children living in the industrial and urban
areas would be 13.8 and 1.77 �g/kg day, respectively, accounting
for 85% and 41% of their corresponding total Pb exposure (sum of
stomach absorption of dust and dietary absorption). This suggested
that dust is an important contributor to the total Pb exposure. In
addition, for children living in both the studied areas, the total
exposure to Pb (dust + diet) has all exceeded the RfD (HQ > 1). Our
findings suggest that children in industrial and urban areas of
China experience environmental Pb exposes of concern. However,
if intestinal bioaccessible Pb was taken into account, the ADI and the
subsequent HQ values would decline significantly (Table 4). Despite
the fact that the absorption of Pb in humans takes place primarily
in the small intestine [45], the intestinal-phase extracted Pb has
rarely been related to its relative bioavailablility determined in in
vivo assays. This appears to be due to the complex, non-equilibrium
chemical status of Pb in the small intestines [19,23]. Consequently,
dissolution of Pb in the gastric-phase appears to be a better pre-
dictor [19,23,57]. Therefore, the gastric bioaccessible Pb may be
considered as an appropriate proxy for a conservative assessment
of human health risk.

4. Conclusion

The bioaccessibility of Pb in contaminated dust samples from
industrial and urban areas was estimated using an in vitro PBET
assay. No significant differences of gastrointestinal bioaccessi-
bile Pb were found in the dust samples between the smelting
industrial area and urban district, although their total Pb concen-
trations differed greatly. Compared with the stomach-phase, the
intestinal-phase had a considerably lower bioaccessibility of Pb.
A significantly negative correlation was found between dust Ca
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concentrations and Pb bioaccessibility in the intestinal-phase, sug-
gesting that Ca compounds may play an important role in reducing
bioaccessible Pb in the intestinal phase. The estimated exposure
based on gastric bioaccessible Pb along with dietary intake for refer-
ence suggested that dust is an important contributor to the total Pb
exposure of children living in either of the studied areas. Therefore,
our research provided solid evidence to highlight the importance
of reducing children’s risk of exposure to Pb in dust.
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