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1 Introduction

Along with rapid economic growth, there have been
increases in the consumption of potentially harmful
elements, which in turn leads to greater disposal of these

elements to the environment [1]. A lack of landfill sites has
caused incineration to become an effective and a common
alternative for treating municipal solid waste (MSW) in
China for significant waste reduction; for example, in
2012, 27% of the collected MSW were incinerated [2].
Potentially harmful elements are one of the major groups
of pollutants that are emitted from incinerators and, may
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• Potentially harmful elements in ambient soil of a
MSWI were assessed.

• Spatial distribution of potential ecological risk
index was investigated.

•Health risk assessment of potentially harmful
elements in soil was evaluated.

•Hg in the soil posed health hazards to the local
population.
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G R A P H I C A B S T R A C T

A B S T R A C T

We assessed the contamination levels of Mn, Zn, Cr, Cu, Ni, Pb, As and Hg and the risks posed by
these potentially harmful elements in top-soils around a municipal solid waste incinerator (MSWI). We
collected 20 soil samples, with an average pH of 8.1, and another fly ash sample emitted from the
MSWI to investigate the concentrations of these elements in soils. We determined the concentrations of
these elements by inductively coupled plasma–optical emission spectrometer (ICP-OES), except for
Hg, which we measured by AF-610B atomic fluorescence spectrometer (AFS). We assessed the risks of
these elements through the use of geoaccumulation index (Igeo), potential ecological risk index (RI),
hazard quotient (HQi) and cancer risk (Riski). The results showed that concentrations of potentially
harmful elements in soil were influenced by the wind direction, and the concentrations of most
elements were higher in the area northwest of the MSWI, compared with the area southeast of the
incinerator, with the exception of As; these results were in accordance with those results acquired from
our contour maps. According to the Igeo values, some soil samples were clearly polluted by Hg
emissions. However, the health risk assessment indicated that the concentrations of Hg and other
elements in soil did not pose non-carcinogenic risks to the local populations. This was also the case for
the carcinogenic risks posed by As, Cr, and Ni. The carcinogenic risk posed by As was higher, in the
range 6.49 � 10–6–9.58 � 10–6, but this was still considered to be an acceptable level of risk.
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impact physicochemical and biological properties of
ecosystems [1,3]. If current trends continue, large amounts
of potentially harmful elements will continue be released
from MSW incinerators (MSWIs).
The potentially harmful elements released from stacks

can be deposited via wet and dry deposition to soil, and
soils are an important indicator of environmental quality
[4]. Potentially harmful elements may represent a serious
threat to the environment and human health as a result of
their physicochemical properties; for example, they are,
non-biodegradable, have long biological half-lives, and
bioaccumulation in the food chain [5]. If the elements
appear to adversely impact human health or the environ-
ment, it is important to understand these impacts and to
monitor these elements in the environment [6].
A number of recent studies have focused on levels of

potentially harmful elements in ambient soil around
MSWIs. Meneses et al. determined the temporal variations
of element concentrations in soil near an old MSWI. With
the exception of an increase in the levels of Be and Ni, the
authors observed no significant differences between soils
collected from two different years [7]. Loppi et al. found
that Cu, and Hg concentrations in soil near a MSWI were
similar to the concentrations in unpolluted areas, while Cr,
Zn, and Cd concentrations were higher than in unpolluted
areas, with Cd concentrations being particularly high [8].
Additionally, Zhang et al. discovered substantial temporal
and spatial variations in the behavior of potentially harmful
elements during MSW incineration. A large proportion of
Hg was evaporated and enriched in the fine residues of the
air pollution control system of the incinerator. Cr, Cu, and
Ni were transferred into the residues and ash particles
mainly by entrainment. Pb and Zn were transferred into the
residues by both evaporation and entrainment. As was
transported into the flue gas mainly via evaporation, with a
lower coefficient [9].
A number of epidemiologic studies have demonstrated

relationships between exposure to potentially harmful
elements and a wide range of adverse health outcomes. Pb
contamination is widespread and is associated with a
significant health risk, which may adversely affect human
health, for instance, by resulting in impaired cognitive,
physical and behavioral abilities [6]. As is an element often
found in elevated concentrations in the environment. The
persistence of As in soil and its potential toxicity to
organisms has attracted a great deal of attention. As
concentrations may be a human health hazard in some
areas [10].
In this study, we collected 20 soil samples between 300

and 2000 m away from the stack of a typical modern
MSWI, and we collected a fly ash (FA) sample to identify
the distributions of potentially harmful elements and their
environmental impacts. We assessed the risks posed by
these potentially harmful elements to the local environ-
ment and to human health; we consider these parameters to
be the primary indicators of soil pollution, and also

evidence for successful remediation of polluted soils. The
results of this study indicate the general accumulation and
risk features of potentially harmful elements in the ambient
soil released from the MSWI, and will be helpful in
formulating effective contamination control measures by
policy makers.

2 Materials and methods

2.1 Sample collection

The Sunrise MSWI is located in the city of Beijing (39°
59.923′ N, 116° 24.543′ E), Northeastern China (Fig. 1),
and has a total area of 4.6 ´ 104 m2. The MSWI began
operating in 2003, and has a capacity of 0.58 million tons
per year. As the terrain is high in the middle of the study
site and low in the surrounding area, the contribution of
natural sources to the potentially harmful elements in this
site is negligible. The geology of the study area is
particularly complex, and includes a combination of rock
types; additionally there are a variety of industrial activities
that take place in the vicinity. Restricted by ancient
geography and influenced by long-term effects of fluvial
activity, the subsoils of the study area are deposits of
Quaternary Alluvial, the interaction layer of lacustrine
coarse and fine particles. Mainland layers in the study site
are distributed as follows (from top to bottom): artificial
fill, silty clay, silt, sand, clay, and coarse sand. The
prevalent winds are southeast in the summer and northwest
in the winter. Cinnamon and fluvo-aquic were the
dominant soils, with parent materials consisting of weath-
ering rocks and loose quaternary sediment. The air
pollution control system in the MSWI is composed of a
semi-dry de-acidification unit, an active carbon injector, a
bag filter, and an 80-m-high stack.
We collected 20 soil samples from around the Sunrise

MSWI in August 2012. We chose the sampling sites using
the atmospheric dispersion modeling system and the wind
rose diagram, obtained from the local meteorological
department (Fig. 1). For each soil sample, we collected
about 1 kg of surface soil (0 – 10 cm) uniformly across an
area of 25 m2, and mixed five aliquots of soil evenly to
produce a sample. After removing the plants and gravel,
we sealed the soil samples in PVC bags, then stored them
in the refrigerator at – 20°C until analysis. We used a hand-
held global positioning system device (Magellan GPS, San
Dimas, USA) to determine the position of each sampling
site. We also collected one FA sample from the outlet of the
bag house filter in the MSWI in August 2012 to examine
the relationship between the element concentrations in soil
and their potential sources.

2.2 Sample treatment and analysis

We dried each soil sample at room temperature, then
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ground them and passed them through a 100-mesh sieve
[11]. We digested about 0.5 g of each ground soil or FA
sample in aqua regia (a 1:3 mixture of concentrated HNO3

and concentrated HCl) and HClO4 , so that the As, Cr, Cu,
Mn, Ni, Pb, and Zn concentration could be determined. We
then diluted the mineral residues with deionized water to a
final volume of 25 mL in a volumetric flask, and stored
them in the refrigerator at 4°C before analysis by
inductively coupled plasma–optical emission spectrometry
(ICP-OES, Teledyne Leeman Labs, USA).
For Hg analyses, we added 0.1 g of a ground soil or FA

sample to a 20 mL ampule, then added 2 mL of HNO3 and
1 mL of deionized water. After allowing pre-digestion to
occur for 30 minutes, we sealed the ampule using a
Relatives for Justice (RFJ) model manual ampule sealer
(Jishou Zhongcheng Pharmacy Machine Co., Ltd., China).
We heated the ampule for 2 h in boiling water, then allowed
to cool to room temperature before opening. We diluted the
digested solution with deionized water to 10 mL in a 15-
mL polyethylene terephthalate vial, mixed it thoroughly,
then determined using an AF-610B atomic fluorescence
spectrometer (AFS; Beijing Rayleigh Analytical Instru-
ment Co., China).
For each sample, we averaged the concentration of three

replicate samples to determine the final concentration. We
also used reagent blanks and standard reference materials
(GSS-6 soil; China National Center for Standard Material,
Beijing, China) for data quality control and assurance. The
recoveries of the eight metals that we analyzed ranged
from 89% to 109%.
We determined the total organic carbon (TOC) content

of the soil samples using a TOC analyzer (OI Analytical,
College Station, USA). The TOC contents ranged from
1.26% to 8.81%, and the average was 2.75%�1.70%. We
mixed 10 g of the soil samples with 25 ml distilled water
for 1 minute, then let it stand for 30 minutes prior to
analysis. We determined the pH of each soil sample in the

soil solution (1:2.5) using a combination pH electrode.

2.3 Assessment of potentially harmful elements contamina-
tion

We selected the geoaccumulation index (Igeo) to assess the
environmental contamination levels of potentially harmful
elements in soil around the MSWI by comparing the
current and pre-industrial concentrations [12]. We calcu-
lated the Igeo was calculated using Eq. (1),

Igeo ¼ log2
Cn

1:5Bn
, (1)

where Cn is the measured concentration and, Bn is the
expected background concentration of element n in the
soil. The constant (1.5) accounts for natural fluctuations in
the concentration of a given substance in the environment,
and allows for the identification of very small anthropo-
genic influences [13]. The Igeo includes seven grades, and
the highest grade reflects a value 100 times greater than the
background values (Table 1).

2.4 Potential ecological risk

The potential ecological risk index (RI) method for

Fig. 1 The geo-localization of the study area and soil sampling sites around the MSWI

Table 1 The seven grades of the Igeo [14]

grade value soil quality

0 Igeo £0 practically uncontaminated

1 0< Igeo £1 uncontaminated to moderately contaminated

2 1< Igeo £2 moderately contaminated

3 2< Igeo £3 moderately to heavily contaminated

4 3< Igeo £4 heavily contaminated

5 4< Igeo £5 heavily to extremely contaminated

6 5< Igeo extremely contaminated
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assessing the risks posed by potentially harmful elements
is the only method that takes both the concentrations and
toxic response factors into consideration, and is the most
commonly used method for assessing risks posed by
potentially harmful elements [15]. We calculated the RI
using Eq. (2),

RI ¼
Xm

i¼1

Ei
r ¼

Xm

i¼1

Ti
r �

Ci
D

Ci
B

� �
, (2)

where Ci
D is the measured concentration in the sample, Ci

B

is the background concentration in the soil, Ti
r is the

biological toxicity factor for each element, Ei
r is the

potential ecological risk factor for each element, and RI is
the potential ecological risk index for each element. The Ti

r
constants commonly used for As, Cr, Cu, Hg, Mn, Ni, Pb,
and Zn are 10, 2, 5, 40, 1, 5, 5, and 1, respectively; these
are the values calculated by the principle of Hakanson [16].
We assessed Ei

r, for each substance according to five
grades, and assessed the RI for a given area according to
four grades [17].
The geostatistical interpolation technique has been

widely used to create continuous contour maps, in which
the levels of risk associated with pollutants are described
by a series of equivalent lines on a map [18]. We applied
the widely–used ordinary Kriging interpolation technique
[19,20] to create a contour map of the RI values in the soil
samples.

2.5 Human health risk assessment

We also evaluated the health risks posed to the local
population by exposure to potentially harmful elements in
soil. Human exposure to these elements in soil can occur
through three main paths: soil ingestion (CDIing), air
inhalation (CDIinh), and dermal contact (CDIderm). Humans
can also be exposed to Hg through inhaling Hg in the vapor
form (CDIvap) [21]. We assessed the risks posed by
exposure through these four paths using equations 3–6
[19].

CDIing ¼
C � IFP � EF � ED

BW � AT
� 10 – 6, (3)

CDIinh ¼
C � IR� EF � ED

BW � AT � PEF
, (4)

CDIderm ¼ C � SA� AF � ABS � EF � ED

BW � AT

� 10 – 6, (5)

CDIvap ¼
C � IR� EF � ED

BW � AT � VF
, (6)

In Eqs. (3)–(6), CDI is chronic daily intake

(mg$kg–1$d–1), C is the concentration of the element in soil
(mg$kg–1), IFP is the soil ingestion rate (m3$kg–1), EF is
the exposure frequency (d$yr–1), ED is the exposure
duration (yr), BW is the average body weight (kg), AT is the
average time (d), IR is the inhalation rate (m3$d–1), PEF is
the particulate emission factor, SA is the surface area of the
skin that comes into contact with the dust (cm2$d–1), and
AF is the adherence factor soil to skin (mg$cm–2), ABS is
the dermal absorption factor, VF is the volatilization factor
(m3$kg–1). All of these factors are shown in Table S1
(Supplementary material).
The eight elements that were analyzed may all

potentially cause toxic effects in humans, and As, Cr,
and Ni are considered to be probable carcinogens. We
considered both non-carcinogenic and carcinogenic risks
from exposure to As, Cr, and Ni through the four exposure
routes described above.
The hazard quotient (HQi) and hazard index (HI) can be

calculated using equation 7 to determine the non-cancer
health risks posed by potentially harmful elements. The
CDIi is the chronic daily intake of an element through each
exposure route, and the RfDi is the reference dose for the
metal. In the cancer risk (Riski) calculations (equation 8),
the CDIi is multiplied by the appropriate slope factor (SF),
and RiskT is the total cancer risk [22].

HQi ¼ CDIi=RfDi, HI ¼
X

HQ
i
, (7)

Riski ¼ CDIi � SFi,  RiskT ¼
X

Riski: (8)

As a rule, a HI or HQ less than or equal to 1 is assumed
to indicate that the exposure pathway or chemical is
negligible, and an HQ value greater than 1 is assumed to
indicate that there are likely to be adverse health effects
[23]. In general, Riski values below 10–6 are not considered
to indicate a significant cancer risk. Riski values greater
than 10–4 are considered to be unacceptable [24], which
means that the potential for cancer is too high and the
surroundings need to redesign. Riski values between 10–4

and 10–6 are generally considered to be acceptable,
depending on the circumstances of exposure to the
residents and the local environment [22].
The descriptions of the different parameters that were

used in the risk assessment, and the values that were used
to calculate these parameters, are summarized in Tables S1
and S2 (Supplementary material).

3 Results and discussion

3.1 Concentrations of potentially harmful elements

The As, Cr, Cu, Hg, Mn, Ni, Pb, and Zn concentrations in
the soil and FA samples are shown in Table 2 and Table S3
(Supplementary material). The pH values of the soil
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samples were between 7.9 and 8.6, and the average was
8.1.
Mn is commonly one of the most abundant trace

elements in soils [25]. The average Mn concentration in the
soil samples (546�40 mg$kg–1) was higher than that of the
other elements; the concentrations of the other elements
occurred in the following, decreasing order: Zn (100�40
mg$kg–1), Cr (52�8.2 mg$kg–1), Cu (28�8.6 mg$kg–1), Ni
(24�3.8 mg$kg–1), Pb (19�9.0 mg$kg–1), As (7.7�2.6
mg$kg–1), and Hg (0.088�0.064 mg$kg–1). The concen-
trations of these elements in the FA samples were relatively
high: the mean Hg concentration was almost 67 times
higher than the mean soil concentration, and the Pb, Zn,
and Cu concentrations were 17.6, 16.1, and 14.4 times the
mean soil concentrations, respectively.
To facilitate the evaluation, we compared the concentra-

tions of these eight elements in the soil samples with those
in soil samples from around the world (Table 2). Average
concentrations of these elements in most soil samples were
lower than those observed in soil near MSWIs in Italy [26],
Newcastle, UK [27], and the background soil from a
remote area [25], but slightly higher than those from soil in
Shenzhen, China [28]. The MSWIs from the study areas in
Italy, UK, and Shenzhen, have pollution control measures
similar to those of the Sunrise MSWI. In all cases, the flue
gases are processed with a bag house filter and, electro-
static precipitator, and are then neutralized in a wet
scrubber by water and lime [26-28]. Simultaneously, the
levels of these elements except for Mn were compared with
the average background values (ABVs) in Chinese soils
(without standards for Mn) [31]. The ABVs in China for

Cr, As, Hg, Pb, Cu, Zn and Ni were 61.0, 11.2, 0.065, 26.0,
22.6, 74.2 and 26.9, respectively [31]. The mean
concentrations of Cu, Zn, and Hg were slightly higher
(1.239, 1.348, and 1.354 times higher, respectively) than
their corresponding ABVs. However, the mean concentra-
tions of all seven elements met the soil quality standards of
China (Grade Ι) [32]. The Cu, Pb, and Zn concentrations in
the FA samples were lower than those found in FA from
Shanghai, China [29] and Singapore [30], but the Mn and
Ni concentrations were slightly higher.
Concentrations of the potentially harmful elements

usually decrease with distance from their source, as a
result of dilution and dispersion. The distances of sampling
sites from the MSWI were in the range of 500 m to over
1500 m, and distance was a very important factor in
element concentrations in soil. We would expect that the
concentrations of the elements would be highest within
500 m of the MSWI, and the lowest at sites more than 1500
m away. However, the data demonstrate that the elements
in this study area did not follow this trend (Table 3). For the
elements other than Cr and As, concentrations tended to
decrease up to a distance of 1000 m. For most elements, the
highest concentrations occurred in soil samples at
distances of 500–1000 m, and the maximum concentra-
tions of some elements occurred at distances beyond 1500
m. This phenomenon may be the result of disturbances to
the surrounding area. The intrusion of other contamination
sources introduced through anthropogenic activities or
atmospheric deposition of pollutants from other emission
regions (Fig. 1) would increase the element concentrations
within this range, which may explain the sudden increase

Table 2 Heavy metal concentrations observed in the study area and in other areas around the world (mg$kg–1)

metal

soil analyzed
in this study

soil from
Italy [26]

soil from
Newcastle,
UK [27]

soil from
Shenzhen [28]

background
soil [25]

ash analyzed
in this study

ash from
Shanghai [29]

ash from
Singapore [30]

mean�sd mean�sd mean mean mean�sd mean mean mean

Cr 52�8.2 85�24 55 52 68�16 156 157 72

Mn 546�40 – – – 705�160 994 704 309

Ni 24�3.8 73�24 30 6.0 29�7.5 88 71 22

Cu 28�8.6 69�43 233 12 24�4.7 402 563 570

Zn 100�40 127�135 419 47 103�35 1614 3269 6288

Pb 19�9.0 39�35 350 28 25�6.3 328 1515 2000

As 7.7�2.6 5.9�1.9 20 9.4 9.7�2.5 56 26 –

Hg 0.088�0.064 0.17�0.11 0.50 0.058 0.069�0.051 5.9 3.6 –

Table 3 Average concentrations of eight elements in soils from a range of distances from the MSWI (mg$kg–1)

distance Cr Mn Ni Cu Zn Pb As Hg

< 500 m 48 555 23 26 99 18 8.0 0.073

500 – 1000 m 49 523 23 23 82 14 8.5 0.067

1000 – 1500 m 59 577 25 35 129 25 6.5 0.11

>1500 m 51 551 25 36 110 29 6.6 0.19
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in element concentrations at distances further from the
stack.
We performed cluster analysis of eight potentially

harmful elements in soil by SPSS 18.0 to determine all
the possible sources of the metals by connecting the spatial
correlations between potentially harmful elements with
their distribution characteristics during MSW incineration.
Based on the results of these elements, the elements were
divided into three groups: (I) Cu, Pb, Zn, Cr, Mn; (II) As,
Ni; (III) Hg (Fig. S1).

3.2 Relationship between wind direction and concentrations
of potentially harmful elements

We divided the study area into four zones: northwest
(NW), northeast (NE), southwest (SW), and southeast
(SE), to examine the influence of wind on the distribution
of potentially harmful elements (Fig. 2).
Figure 2 shows clear differences in the concentrations of

these eight elements between the four zones. The statistic is
analyzed using Pearson’s correlation analysis. The rela-
tionship between wind direction and element concentration
was similar for all elements (except for As): the highest
concentrations occurred in the zone that corresponded to
the dominant summer wind direction. The inorganic and
organic forms of As both occur in soil. Some forms of As
are equally accessible to the microbes, while other forms,
such as As sulfides are relatively stable and resistant to
microbial uptake; which also related to the organic carbon,
indicating that there are obstructions to As transport As in
soil [33]. Our results demonstrated no significant differ-
ences in As concentrations between the NWand SE zones.
The spatial distributions over the other seven elements
were similar to one another. For instance, the concentration
of Hg in the NW zone, downwind of the MSWI, was
significantly higher than the concentration in the SE zone,
upwind of the MSWI (P = 0.012< 0.05); Hg concentra-
tions did not differ significantly between the NE and SW
zones (P = 0.47>0.05). The flue gas emitted from the stack
was influenced by the wind direction, and diffused in the
downwind direction. We performed sampling in late
summer, when there was a prevailing southeast wind,
which resulted in accumulation of Hg in the NW zone. In
winter, the prevailing wind at the sampling site was a
northwest wind. Because the weather was cold and dry,
with little snowfall, dry deposition was the primary means
of deposition of Hg in the study area. Consequently, the
amount of Hg deposited in winter was less than that in
summer. Additionally, the long–term effects of leaching in
rain also resulted in the washing away of soluble Hg, even
downwind of the MSWI in the NE zone in winter [34],
which could explain why the differences in Hg levels were
smaller between the NE and SW zones.
The concentrations of potentially harmful elements in

the soil parent material and in the MSWI emissions both
probably contributed to the large fluctuations in concen-

trations observed for most of the elements in soils
downwind of the MSWI. However, the fluctuations in
the element concentrations in soils upwind of the MSWI
were not significant. This is possibly because the MSWI
emissions had little impact on the soil concentrations in
those areas because dominant wind direction prevented
most of the emissions from traveling in that direction.
Ghassen et al. investigated the mobility of potentially
harmful elements in carbonated soils contaminated by old
mine tailings, and found that the eolian transport had a
substantial impact on the redistribution of potentially
harmful elements, especially in the dominant wind
direction [35]. In this study, the study area was polluted,
though the pollution was located topographically above the
mine site. However, it faced the prevailing northwest
winds and went through the spread of potentially harmful
elements. The existence of massive limestone hills
prevented the dispersion of potentially harmful elements
toward the inhabited areas, located southwest of the hills.
Additionally, the long–range atmospheric transportation
and atmospheric deposition of potentially harmful ele-
ments released from other pollution sources may also
contribute to the levels of the elements observed here.

3.3 Assessment of the risks posed by potentially harmful
element contamination around the MSWI

We calculated the Igeo for each sampling site to identify the
potentially harmful elements that were present in concen-
trations that posed relatively high risks in the soil samples
(Fig. 3).
All of the samples had Igeo values less than or equal to 0

for As, Cr, Mn, and Ni, indicating that the soil was
unpolluted by these elements. For Hg, seven samples (S3,
S4, S6, S7, S9, S10, and S13) had Igeo values of 0< Igeo
£1 (unpolluted to moderately polluted) and one sample
(S5) had an Igeo value of 1< Igeo £2 (moderately
polluted). The Igeo values for Cu in five of the samples
(S3, S4, S5, S6, and S7) indicated that the samples were
unpolluted or moderately polluted. The Igeo values for Zn
and Pb in sample S3 indicated that that soil was unpolluted
or moderately polluted.
Soil in the NW zone was more affected by emissions of

potentially harmful elements than those in the other zones.
The influence of potentially harmful elements in soil
samples occurred in the following order: NW>NE>
SW>SE.

3.4 Potential ecological risk assessment of potentially
harmful elements and risk mapping

We performed an ecological risk assessment to determine
the level of potential ecological risk posed by the
potentially harmful elements in soil around the MSWI.
We calculated the potential ecological risk from the
individual elements (Ei

r, Table S4, Supplementary mate-
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rial) and the comprehensive potential ecological index (RI,
Fig. 4). The mean Ei

r values for the potentially harmful
elements occurred in the following order: Hg>As>Cu>

Ni>Pb>Cr>Zn>Mn, indicating that Hg is associated with
higher levels of potential risks than the other elements.
Three areas (the NNW, NNE, and WSW zones) with

Fig. 2 Relationship between wind direction and the concentrations of potentially harmful elements in soil

Ying Han et al. Potentially harmful elements pollution released from a MSWI 7



high RI values can be identified from Fig. 4. The RI values
in the NNW zone were higher than 150, indicating
moderate risks in that district, and the RI values in the

NNE and WSW zones have low levels of risks. From the
viewpoint of the entire study area, the mean RI
(75.7�41.4) value belonged to the low risk level, and Hg

Fig. 3 Geoaccumulation indices (Igeo) for the potentially harmful elements in the soil samples

Fig. 4 Spatial risk map associated with potentially harmful elements based on the RI values (unitless)
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was the primary contributor to the RI. The results obtained
from this method are similar to those obtained from the
examination of the relationship between wind direction
and concentrations of potentially harmful elements with
respect to the distribution of the risks associated with Hg
emissions from the MSWI.

3.5 Health risk assessment for the potentially harmful
elements

We estimated the impact of potentially harmful elements
on the health of individuals living in the area surrounding
the MSWI (Table S5, Supplementary material). For the
non-carcinogenic risks, we found that soil ingestion is the
main exposure pathway for As, Cu, Pb, and Zn,
contributing to more than 70% of the total risk. Dermal
contact was found to be the main exposure pathway for Cr
and Ni, and inhalation (followed by soil ingestion) was
found to be the main exposure pathway for Mn. Aside from
this, the inhalation of Hg in the vapor form was found to be
the main exposure route for Hg, which posed significant
risks to humans living near the MSWI (Fig. 5).

The calculated HI values for the soil samples from the
NW zone occurred in the following order: Cr>As>Pb
>Mn>Ni>Hg>Cu>Zn. The HI values from the NE, SW,
and SE zones occurred in the following order:
Cr>As>Mn>Pb>Ni>Cu>Hg>Zn. The elements that
posed non-carcinogenic risks to the local population
were As, Cr, Mn, and Pb. However, the HQ and HI values
were all below 1, indicating that the risks posed by all of
the potentially harmful elements were negligible.
We only assessed the carcinogenic risks to human health

for three elements: As, Cr, and Ni, which have defined
slope factors. The RiskT values for Cr and Ni were below
10–6, meaning that they posed nonsignificant risks to the

local population. However, the RiskT value for As was 6.49
� 10–6–9.58 � 10–6; these values are considered to be an
acceptable level of carcinogenic risk to the health of the
local residents.

4 Conclusions

We determined the concentrations, spatial distribution,
level of contamination, and risks of the potentially harmful
elements in surrounding soil from the Sunrise MSWI in
Beijing and in FA from the MSWI. The soil concentrations
of potentially harmful elements around the MSWI were
influenced by emissions from the MSWI. Concentrations
of Hg in soil samples were found to be influenced more
heavily by the MSWI more than were other elements. The
potentially harmful element concentrations in soils were
clearly influenced by the wind direction, and they were
relatively high in the NW zone, downwind of the MSWI,
compared with the concentrations in the SE zone, upwind
of the MSWI; these findings were consistent with the
results confirmed by results of the geoaccumulation index
method. We also used the Kriging interpolation method to
illustrate potential ecological risks posed by the potentially
harmful elements in soil around the MSWI. Soils in the
study area in general had a low potential ecological risk.
The three areas that contained soil that had the highest risk
were the NNW, NNE, and WSW zones. Special attention
should be paid to target the lowest threat to environment.
We used a health risk assessment to assess human exposure
to potentially harmful elements from soils around the
MSWI. There were no serious non-carcinogenic or
carcinogenic risks to residents, as the risk values were
lower than the threshold safe level for all elements expect
for As. The carcinogenic risk value for As (6.49 � 10–6–
9.58� 10–6) was slightly higher than the threshold value of
10–6, indicating that residents living nearby the MSWI do
face a slight risk with respect to As. Based on these
findings, we highly recommend that the release of
pollutants from the Sunrise MSWI should be reduced,
and relevant soil remediation activities should be carried
out to avert potential ecological disasters.

Acknowledgements This study was supported by The National Basic
Research Program of China (Grant No. 2015CB453103), the Strategic
Priority Research Program of the Chinese Academy of Sciences (Grant No.
XDB14020100) and the National Natural Science Foundation of China
(Grant Nos. 21477150 and 21321004).

Electronic Supplementary Material Supplementary material is available
in the online version of this article at http://dx.doi.org/10.1007/s11783-016-
0873-7 and is accessible for authorized users.

References

1. Guagliardi I, Cicchella D, De Rosa R. A geostatistical approach to

Fig. 5 Contributions of the HQs associated with each exposure
pathway for the eight elements (HQing =HQ for ingestion,HQinh =
HQ for inhalation,HQderm =HQ for dermal exposure, andHQvap =
HQ for Hg vapor)

Ying Han et al. Potentially harmful elements pollution released from a MSWI 9



assess concentration and spatial distribution of heavy metals in

urban soils. Water, Air, and Soil Pollution, 2012, 223(9): 5983–5998

2. Khamphe P, Xia Y, Zhang H, Shao L, He P J. Leaching toxicity

characteristics of municipal solid waste incineration bottom ash.

Frontiers of Environmental Science & Engineering, 2016, 10(2):

399–411

3. Bie R, Li S, Wang H. Characterization of PCDD/Fs and heavy

metals from MSW incineration plant in Harbin. Waste Management

(New York, N.Y.), 2007, 27(12): 1860–1869

4. Schuhmacher M, Granero S, Bellés M, Llobet J, Domingo J. Levels

of metals in soils and vegetation in the vicinity of a municipal solid

waste incinerator. Toxicological and Environmental Chemistry,

1996, 56(1-4): 119–132

5. Zuzolo D, Cicchella D, Catani V, Giaccio L, Guagliardi I, Esposito

L, De Vivo B. Assessment of potentially harmful elements pollution

in the Calore River basin (Southern Italy). Environmental

Geochemistry and Health, 2016, 1–18

6. Guagliardi I, Cicchella D, De Rosa R, Buttafuoco G. Assessment of

lead pollution in topsoils of a southern Italy area: Analysis of urban

and peri-urban environment. Journal of Environmental Sciences

(China), 2015, 33: 179–187

7. Meneses M, Llobet J M, Granero S, Schuhmacher M, Domingo J L.

Monitoring metals in the vicinity of a municipal waste incinerator:

temporal variation in soils and vegetation. Science of the Total

Environment, 1999, 226(2-3): 157–164

8. Loppi S, Putorti E, Pirintsos S A, Dominicis V D. Accumulation of

heavy metals in epiphytic lichens near a municipal solid waste

incinerator (central Italy). Environmental Monitoring and Assess-

ment, 2000, 61(3): 361–371

9. Zhang H, He P J, Shao L M. Fate of heavy metals during municipal

solid waste incineration in Shanghai. Journal of Hazardous

Materials, 2008, 156(1-3): 365–373

10. Buttafuoco G, Tarvainen T, Jarva J, Guagliardi I. Spatial variability

and trigger values of arsenic in the surface urban soils of the cities of

Tampere and Lahti, Finland. Environmental Earth Sciences, 2016,

75(10): 896

11. Liu S, Liu F Z, Li X H, Zhang T L, Cai Y M, Zheng X Q, Yao X R,

Shi R G, Hou M F. Pollution assessment and spatial analysis on soil

heavy metals of park in Tianjin. Ecology and Environmental

Sciences, 2010, 19: 1097–1102 (in Chinese)

12. Ji Y, Feng Y, Wu J, Zhu T, Bai Z, Duan C. Using geoaccumulation

index to study source profiles of soil dust in China. Journal of

Environmental Sciences (China), 2008, 20(5): 571–578

13. Faiz Y, Tufail M, Javed M T, Chaudhry M M, Naila S. Road dust

pollution of Cd, Cu, Ni, Pb and Zn along Islamabad Expressway,

Pakistan. Microchemical Journal, 2009, 92(2): 186–192

14. Li Z, Ma Z, van der Kuijp T J, Yuan Z, Huang L. A review of soil

heavy metal pollution from mines in China: pollution and health risk

assessment. Science of the Total Environment, 2014, 468-469: 843–

853

15. Huang X, Hu J, Li C, Deng J, Long J, Qin F. Heavy-metal pollution

and potential ecological risk assessment of sediments from Baihua

Lake, Guizhou, P.R. China. International Journal of Environmental

Health Research, 2009, 19(6): 405–419

16. Liu J L, Yang T, Chen Q Y, Liu F, Wang B B. Distribution and

potential ecological risk of heavy metals in the typical eco-units of

Haihe River Basin. Frontiers of Environmental Science &

Engineering, 2016, 10(1): 103–113

17. Hakanson L. An ecological risk index for aquatic pollution control.

A sedimentological approach. Water Research, 1980, 14(8): 975–

1001

18. Liu W, Li H, Tian Z, Xie H, Li C. Spatial distribution of

polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofur-

ans in soil around a municipal solid waste incinerator. Environ-

mental Geochemistry and Health, 2013, 35(5): 605–611

19. Dao L, Morrison L, Kiely G, Zhang C. Spatial distribution of

potentially bioavailable metals in surface soils of a contaminated

sports ground in Galway, Ireland. Environmental Geochemistry and

Health, 2013, 35(2): 227–238

20. Imperato M, Adamo P, Naimo D, Arienzo M, Stanzione D, Violante

P. Spatial distribution of heavy metals in urban soils of Naples city

(Italy). Environmental Pollution, 2003, 124(2): 247–256

21. Zheng N, Liu J, Wang Q, Liang Z. Health risk assessment of heavy

metal exposure to street dust in the zinc smelting district, Northeast

of China. Science of the Total Environment, 2010, 408(4): 726–733

22. Luo X S, Ding J, Xu B, Wang Y J, Li H B, Yu S. Incorporating

bioaccessibility into human health risk assessments of heavy metals

in urban park soils. Science of the Total Environment, 2012, 424:

88–96

23. Lee J S, Chon H T, Kim KW. Human risk assessment of As, Cd, Cu

and Zn in the abandoned metal mine site. Environmental

Geochemistry and Health, 2005, 27(2): 185–191

24. US Environmental Protection Agency (US EPA). Risk Assessment

Guidance for Superfund. Washington, D C, Office of Emergency

and Remedial Response, 1989

25. Wei F. The Environmental Background Values of Elements in

Chinese Soil. Beijing: China Environmental Science Press, 1990,

330–380

26. Morselli L, Passarini F, Bartoli M. The environmental fate of heavy

metals arising from a MSW incineration plant. Waste Management

(New York, N.Y.), 2002, 22(8): 875–881

27. Rimmer D L, Vizard C G, Pless-Mulloli T, Singleton I, Air V S,

Keatinge Z A. Metal contamination of urban soils in the vicinity of a

municipal waste incinerator: one source among many. Science of the

Total Environment, 2006, 356(1-3): 207–216

28. Wang J, Zhao H, Zhong X, Kong S, Liu Y, Zeng H. Investigation of

mercury levels in soil around a municipal solid waste incinerator in

Shenzhen, China. Environmental Earth Sciences, 2011, 64(4):

1001–1010

29. Shi H, Kan L. Characteristics of municipal solid wastes incineration

(MSWI) fly ash–cement matrices and effect of mineral admixtures

on composite system. Construction & Building Materials, 2009, 23

(6): 2160–2166

30. Wu H, Ting Y. Metal extraction from municipal solid waste (MSW)

incinerator fly ash—Chemical leaching and fungal bioleaching.

Enzyme and Microbial Technology, 2006, 38(6): 839–847

31. China National Environmental Monitoring Center (CNEMC). The

Soil Background Value in China. Beijing: China Environmental

Science Press, 1990 (in Chinese)

32. Chinese Environmental Protection Administration (CEPA). Envir-

onmental Quality Standard for Soils. GB 15618–1995. CEPA, 1995

(in Chinese)

10 Front. Environ. Sci. Eng., 2016, 10(6): 7



33. Sarkar A, Paul B. The global menace of arsenic and its conventional

remediation—A critical review. Chemosphere, 2016, 158: 37–49

34. Xie H T, Zhang C Z, Xu F, Li H F, Tian Z Y, Tang C, Liu W B.

Distribution and assessment of mercury in the ambient soil of a

municipal solid waste incinerator. Environmental Sciences, 2014, 35

(4): 1523–1530 (in Chinese)

35. Ghassen D, Radhia S, Fouad S, Nejib J, Hedi K C. Assessment and

mobility of heavy metals in carbonated soils contaminated by old

mine tailings in North Tunisia. Journal of African Earth Sciences,

2015, 110: 150–159

Ying Han et al. Potentially harmful elements pollution released from a MSWI 11


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


