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Abstract The total concentrations of 12 heavy metals in
surface soils (SS, 0-20 cm), middle soils (MS, 30-50 cm)
and deep soils (DS, 60-80 cm) from an acid-leaching area, a
deserted paddy field and a deserted area of Guiyu were mea-
sured. The results showed that the acid-leaching area was
heavily contaminated with heavy metals, especially in SS.
The mean concentrations of Ni, Cu, Zn, Cd, Sn, Sb and Pb
in SS from the acid-leaching area were 278.4, 684.1, 572.8,
1.36, 3,472, 1,706 and 222.8 mg/kg, respectively. Heavy
metal pollution in the deserted paddy field was mainly con-
centrated in SS and MS. The average values of Sb in SS and
MS from the deserted paddy field were 16.3 and 20.2 mg/kg,
respectively. However, heavy metal contamination of the
deserted area was principally found in the DS. Extremely high
concentrations of heavy metals were also observed at some
special research sites, further confirming that the level of
heavy metal pollution was very serious. The geoaccumulation
index (Ige,) values revealed that the acid-leaching area was
severely polluted with heavy metals in the order of Sb > Sn >
Cu > Cd > Ni > Zn > Pb, while deserted paddy field was
contaminated predominately by metals in the order of Sb > Sn
> Cu. It was obvious that the concentrations of some uncom-
mon contaminants, such as Sb and Sn, were higher than
principal contaminants, such as Ni, Cu, Zn and Pb, suggesting
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that particular attention should be directed to Sn and Sb
contamination in the future research of heavy metals in soils
from e-waste-processing areas. Correlation analysis suggested
that Li and Be in soils from the acid-leaching area and its
surrounding environment might have originated from other
industrial activities and from batteries, whereas Ni, Cu, Zn,
Cd, Pb, Sn and Sb contamination was most likely caused by
uncontrolled electronic waste (e-waste) processing. These
results indicate the significant need for optimisation of e-
waste-dismantling technologies and remediation of polluted
soil environment.

Keywords E-waste - Heavy metals - Soil - Spatial
distribution - Geoaccumulation index - Correlation analysis

Introduction

Electronics manufacturing is the largest and most rapidly
increasing manufacturing industry in the world (Liu et al.
2013). A large amount of waste electrical and electronic
equipment (WEEE) is discarded due to the rapid development
of information technology and the short lifespan of electronic
products, resulting in a corresponding electronic waste (e-
waste) (Yang et al. 2013), such as personal computers, TVs
and mobile phones (Tang et al. 2010a, 2010b). It has been
reported that e-waste is increasing at a rate of 4 % per year
worldwide (Robinson 2009; Kahhat et al. 2008). Approxi-
mately 50-80 % of the e-waste collected for disposal in
developed countries ends up in Asia, 90 % of which is
illegally exported to China for processing and disposal (Leung
et al. 2007; Shen et al. 2007). Moreover, 51.48 million home
appliances and 4.48 million personal computers were gener-
ated in China in 2003 (Terazono et al. 2006). Uncontrolled e-
waste-processing activities in China are causing increasing
concerns because of both the importation of e-waste and the
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swift growth of domestic production. In the past few years,
intensive e-waste-recycling activities have taken place in a
few regions in China, especially in Guangdong (Guiyu and
Longtang) and Zhejiang (Taizhou) (Yang et al. 2012; Li et al.
2007a; Shen et al. 2007; Wong et al. 2007a). However, driven
by profits, informal and primitive e-waste-recycling technol-
ogies, such as acid-leaching and open-burning of abandoned
components, are carried out to reuse precious metals, includ-
ing Au, Ag, Pd and Pt (Tang et al. 2010a; Zhao et al. 2009; Fu
et al. 2008; Bi et al. 2007; Yu et al. 2006). A large number of
toxic metals like Cr, Ni, Cu, Zn, Cd, Sn, Sb, Pb, etc. (Rath
et al. 2012; Cui and Zhang 2008; Li et al. 2007b) and persis-
tent organic pollutants, primarily including polycyclic aromat-
ic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
polybrominated biphenyl ethers (PBDEs) and polychlorinated
and polybrominated dibenzofurans (PCDD/F and PBDD/F),
are released into the surrounding environment of e-waste-
processing sites (Leung et al. 2007; Gullett et al. 2007; Deng
et al. 2006). Subsequently, these contaminants may enter the
soil environment through atmospheric deposition and water
irrigation (Nan et al. 2002).

A comprehensive investigation on the status of heavy metal
contamination in soil environmental surrounding e-waste-
recycling sites is significant for the long-term improvement
of public health. Previous heavy metal soil contamination
investigations of e-waste-processing areas have included
open-burning sites (Luo et al. 2008; Wong et al. 2007b),
streets (Li et al. 2011), pond areas (Luo et al. 2011), paddy
fields (Luo et al. 2011; Zhang and Min 2009), vegetable
gardens and deserted areas (Luo et al. 2011). A survey by
Wong et al. (2007b) showed that open-burning sites were
severely polluted with Ni, Cu, Zn, Cd and Pb. Luo et al.
(2011) reported that paddy fields and vegetable gardens were
primarily contaminated by Cu and Cd, with mean values
exceeding the target values of Dutch Standards (VROM
2000). Tang et al. (2010a) found that heavy metal contamina-
tion in agricultural surface soil surrounding e-waste-recycling
workshops was very serious. The average concentrations of
Ni, Cu, Zn and Cd for all soil samples were higher than grade
II of environmental quality standards for soils (GB15618-
1995) (pH<6.5) (SEPA 1995).

Even though numerous studies have been carried out to
investigate heavy metal contamination in surface soils sur-
rounding e-waste-processing regions, there is still a lacuna of
information on the spatial distribution of contaminants in
various soil layers. In addition, most studies have focused on
principal contaminants, especially Ni, Cu, Zn, Cd and Pb,
while reports are scarce regarding uncommon potential con-
taminants, such as Be, Sn and Sb. However, Be has been
widely used in printed circuit boards and can induce chronic
diseases, can damage lungs and may be a human carcinogen
(Peng et al. 2009). Both Sn and Sb may be released from
discarded printed circuit boards and solders within electronic

devices (Li et al. 2011). Several studies have also illustrated
that SnCl, could inhibit immune responses in rodents, alter
gene expression and induce tumour generation in thyroid
gland (Ferancova et al. 2007; Silva et al. 2002). Meanwhile,
the genotoxicity of Sb may be very similar to As (IIT) (Tschan
et al. 2009; Gebel 1997). Tschan et al. (2009) also found that
antimonate [Sb(OH)s] was more toxic and more mobile in
soil than Pb, and antimonate was also more soluble at higher
pH and more easily taken up by plants. Therefore, it is impor-
tant to pay more attention to these unconventional pollutants.

The objectives of this study were (1) to further investigate
the spatial distribution of 12 heavy metals (Li, Be, V, Cr, Co,
Ni, Cu, Zn, Cd, Sn, Sb and Pb) in soils near e-waste-
processing sites (acid-leaching area, deserted paddy field and
deserted area), (2) to comprehensively assess heavy metal
pollution in an e-waste-processing village and the exposure
risks to local residents and the soil environment and (3) to find
correlations of heavy metals in soils and the sources of soil
heavy metal contamination. It is hoped that the findings are
useful for pollution prevention and soil remediation of heavy
metal contamination in similar areas.

Materials and methods
Study area and sampling

Guiyu is a notorious e-waste-processing centre in China,
located in the Chaozhou region of Guangdong Province,
having been involved in e-waste-recycling for nearly 20 years.
Based on the dominant land use patterns, all sampling sites
can be classified as one of three types: an acid-leaching area, a
deserted paddy field or a deserted area. Sites 1 to 5 were
located in a deserted area. Sites 6 to 15 were located in an
acid-leaching area with an area of approximately 7,000 m>.
Sites 16 to 23 were located in a deserted paddy field. Although
the planting of rice was not taking place, the grazing of cattle
and the breeding of geese were observed in a nearly 14,000 m*
of deserted paddy field south of the acid-leaching area. A large
number of strong acids (e.g. sulphuric acid, nitric acid and
hydrochloric acid) were typically used to extract precious
metals during the acid-leaching processes of e-waste in the
past. The resulting waste acids and wastewater were then
discharged into neighbouring rivers, while solid waste was
sold or deposited onsite. Fortunately, these simple and tradi-
tional processing methods had already been abandoned by the
local government (Li et al. 2011).

Sixty-nine samples of soils from the acid-leaching site (n=
10x3), deserted paddy field (n=8x3) and deserted area (n=
5x3) were obtained using a professional heavy metal sampler
equipped with a polyvinyl chloride (PVC) liner in May 2013.
Sampling methods were consistent with those described by
Tang et al. (2010a). The locations of all sampling sites are
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shown in Fig. 1. Three kinds of samples were collected from
each site with a depth of 0-20 cm (surface soil, SS), 30—50 cm
(middle soil, MS) and 60—80 cm (deep soil, DS), respectively.
Five random SS samples from Guangzhou were also collected
on the same day of sampling (not shown in Fig. 1). All
samples were stored in polythene bags (Ziploc) and immedi-
ately transported to the lab. Upon arrival in the lab, all soils
were refrigerated at 4 °C until pre-treatment.

Pre-treatment methods

All wet soil samples were dried at 80 °C for 2 days in an oven.
After drying, a portion of each sample was crushed in an agate
mortar, passed through a 100-mesh (4<0.154 mm) nylon
sieve to remove stones, fine debris and coarse materials,
thoroughly mixed and homogenised prior to analysis for
heavy metals.

Prior to the experiment, all glass tubes and plastic centri-
fuge tubes used in the experiments were thoroughly washed,
soaked with 10 % (v/v) diluted nitric acid for more than 24 h
and rinsed three times with distilled water and Milli-Q water
(18.25 MS2 cm, 25 °C) produced by a water purification
system. For each sample, an accurately weighted soil sample
(=0.2 g) was digested by mixed concentrated acids (HF/
HNO;/HCI=5:5:2) on a hot plate (ML-2-4, Beijing, China)
at 200 °C. The digestion liquid was filtered and then diluted to
10 mL with Milli-Q water. The total concentrations of Li, Be,
V, Cr, Co, Ni, Cu, Zn, Cd, Sn, Sb and Pb were determined
using an inductively coupled plasma mass spectrometer (ICP-
MS, Agilent 7700X, USA). To simplify the expression
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throughout the manuscript, a definition of ‘heavy metals’
was used in the present research: Li and Be were termed ‘light
metals’, and Sb was termed ‘metalloid’. For quality assurance/
quality control protocols, reagent blanks, duplicates of 10 %
total samples and standard reference materials (GBW07407
and GBW07429) were used. The recovery rates of 12 heavy
metals in soils (GBW07407 and GBW07429) were approxi-
mately 90.4-121.6 %.

Data analysis
Geoaccumulation index

The geoaccumulation index (Zy,) Was applied to assess the
extent of heavy metal contamination in soils by comparing the
current and original concentrations, although it is difficult to
obtain original soils. The Iy, values of soils in study areas
were calculated with the following formula:

G
Tgeo = log2 | 755

where C;j is the concentration of heavy metals in soil at
present and B; is the geochemical background value. The
national background values of soils in China, which are
1.95, 82.4, 61, 583, 12.7, 26.9, 22.6, 74.2, 0.097, 2.6, 1.21
and 26 mg/kg for Be, V, Cr, Mn, Co, Ni, Cu, Zn, Cd, Sn, Sb
and Pb, respectively, were adopted as references in the present
study due to a lack of relevant background data in the study
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area (Wei et al. 1991). The constant 1.5, a modified coeffi-
cient, was also used to represent the influence of deposition
characteristics and geological characteristics and detect the
effect of human activities. /., can be divided into seven
classes (Muller 1969), as given in Table 1.

Statistical analysis

All statistical analyses were performed using Excel 2010 and
Statistical Package for the Social Science software (SPSS
statistics 17.0, USA). One-way ANOVA tests (p<0.05) were
employed to examine the statistical significance of heavy
metal concentrations among different sampling areas. Pearson
coefficients were also used to find correlations for heavy
metals in soils and to explore the homology of soil heavy
metal contamination. The significant level was set at p<0.05
(two tailed).

Results and discussion
Spatial distribution of heavy metals
Acid-leaching area

The mean concentrations of heavy metals at various depths
(including SS, MS and DS) from the acid-leaching area and
SS from Guangzhou are presented in Table 2, together with
the background values of soils in China (Wei et al. 1991) and
soil quality standards (China and Dutch) (SEPA 1995; VROM
2000). Environmental quality standards for soil (GB15618-
1995) are more appropriately used in our study because they
are Chinese Standards and our research area is in China as
well. However, Chinese Standards have not provided the
allowable concentrations of some uncommon pollutants, such
as Sn and Sb. Therefore, both the Dutch Standards and envi-
ronmental quality standards for soil (GB15618-1995) were
used in this study.

Table 1 Seven classes of /., values

Classes Iy, values The quality of soils

1 1500 Not polluted

2 0</yeo=1 Not polluted to moderately polluted

3 1<lgeo=2 Moderately polluted

4 2<Uyeo=<3 Moderately polluted to heavily polluted
5 3<lyeo<4 Heavily polluted

6 4<lyeo<5 Heavily polluted to extremely polluted
7 Lgeo™>5 Extremely polluted

Iye, values, the values of geoaccumulation index

No statistical significances were found between the con-
centrations of Li, V and Co at various depths of the acid-
leaching area and the corresponding values in SS from Guang-
zhou (p<0.05), and the Cr level in the acid-leaching area was
much lower than the background value in China. Thus, the
acid-leaching area was not polluted with Li, V, Co or Cr. In
addition, heavy metal pollution was mainly grouped in the SS
and MS. The mean values of Ni, Cu, Zn, Cd and Pb in SS, MS
and DS exceeded the limits of grade I of environmental
quality standards for soils (GB15618-1995), and the average
concentrations of Ni (278.4 mg/kg), Cu (684.1 mg/kg), Zn
(572.8 mg/kg), Cd (1.36 mg/kg) and Pb (222.8 mg/kg) in SS
were 7.0, 19.6, 5.7, 6.8 and 6.4-fold higher than the corre-
sponding values of grade I, respectively. More seriously, very
high concentrations of Sn and Sb were discovered in the acid-
leaching area. The average values of Sn in SS (3,472 mg/kg)
and MS (917.1 mg/kg) exceeded the indicative level for soil
serious contamination of Dutch Standards (900 mg/kg), and
the mean concentrations of Sb in SS, MS and DS (1,706,
804.6 and 480.5 mg/kg, respectively) exceeded the interven-
tion value of Dutch Standards by 113.7, 53.6 and 32.0-fold,
respectively. In view of its toxicity to humans and environ-
ments, extremely close attention should be directed towards
reducing Sn and Sb contamination in future research of heavy
metals in soil near dismantling areas of e-waste. In particular,
the highest concentrations of Ni (822.6 mg/kg), Cu
(2,782 mg/kg), Zn (3,667 mg/kg), Cd (3.61 mg/kg), Sn
(8,756 mg/kg), Sb (3,654 mg/kg) and Pb (527.9 mg/kg) were
found in the SS at site 7, the DS at site 8, the SS at site 9, the
MS at site 6, the SS at site 8, the SS at site 8 and the SS at site
8, respectively (Table S1). The distribution characteristics of
heavy metals again confirmed that the acid-leaching area was
heavily contaminated by heavy metals.

Deserted paddy field

The mean concentrations of heavy metals in SS, MS and DS
from the deserted paddy field are shown in Fig. 2. More
detailed data are given in Table S2. On one hand, the mean
concentrations of Cr and Zn were much less than the values of
grade I of the Chinese Standard. Consequently, the deserted
paddy field was not contaminated by Cr and Zn. On the other
hand, similar to the acid-leaching area, heavy metal contam-
ination in the deserted paddy field was mainly located in SS
and MS. This could be explained by the fact that heavy metals
in both SS and MS of these areas had been enriched in the past
20 years when e-waste-recycling activities were most exten-
sive. The average concentrations of Li, Be, V, Co, Ni and Cu
in the deserted paddy field were clearly higher than the corre-
sponding values in SS of Guangzhou, and the concentrations
of Cd, Sn, Sb and Pb were also higher than the background
values of soils in China. This suggested that the deserted
paddy field was polluted to some extent with Li, Be, V, Co,
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Table 2 Heavy metal concentrations (mean) in SS, MS and DS from the acid-leaching area and SS collected from Guangzhou, mg/kg

Elements  Acid leaching area® SS of Guangzhou®  Background values”  China® Dutch?

SS MS DS I II pH<6.5 it Target Intervention
Li 22.4 30.5 352 14.2 325 - - - - -
Be 1.98 241 1.90 2.14 1.95 - - - 1.1 30°
\% 52.9 61.09 62.1 524 82.4 - - - 42 250¢
Cr 7.43 7.38 7.10 37.5 61.0 90 250 400 100 380
Co 11.9 18.0 13.6 3.78 12.7 - - - 9 240
Ni 2784 349.9 225.7 12.8 26.9 40 40 200 35 210
Cu 684.1 855.8 789.5 20.7 22.6 35 50 400 36 190
Zn 572.8 484.4 189.7 115.8 74.2 100 200 500 140 720
Cd 1.36 1.41 1.12 0.40 0.10 0.2 0.3 1 0.8 12
Sn 3,472 917.1 760.1 891 2.60 - - - - 900°¢
Sb 1,706 804.6 480.5 2.61 1.21 - - - 3 15
Pb 222.8 95.9 57.1 61.3 26.0 35 250 500 85 530

SS surface soils of 0-20 cm, MS middle soils of 30-50 cm, DS Deep soils of 60-80 cm, / the limits for protecting ecosystem, // the maximum allowable
contents of metals in agriculture soil of China, /// the upper limit values for regular growing of plants

Data are given as average values
® From Wei et al. (1991)

¢ From SEPA (1995)

9From VROM (2000)

¢ Indicative level for soil serious contamination of Dutch Standards

Ni, Cu, Cd, Sn, Sb and Pb, especially with Sb. The concen-
trations of Sb in SS and MS exceeded the intervention value of
Dutch Standards (15 mg/kg), with average values being 16.3
and 20.2 mg/kg, respectively. The deserted paddy field was
extensively contaminated by many heavy metals. Because
these contaminants may be transported to humans through
the food chain (soils—plants—humans) (Fu et al. 2008; Zhang
et al. 2012; Liu et al. 2011), and the grazing of cattle and the
breeding of geese were still taking place in this area as illus-
trated in the study above, great attention must be paid to heavy
metal contamination in deserted paddy fields.

Deserted area

The mean concentrations of heavy metals in SS, MS and DS
from the deserted area are depicted in Fig. 3. Firstly, the
concentrations of Li, Be, Cd, Sn, Sb and Pb in SS, MS and
DS of the deserted area were significantly higher than the
corresponding values of SS in Guangzhou (p<0.05) and the
background values of soils in China. The Cu and Zn concen-
trations of soils in the deserted area were higher than the grade
II limits of Chinese Standards. It can be inferred that the
deserted area was primarily contaminated with Li, Be, Cu,
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Fig. 2 Heavy metal concentrations in the deserted paddy field (mean+standard deviation)

@ Springer



Environ Sci Pollut Res (2015) 22:1290-1298

1295

S00iS) 0-20cm ;
s [——130-50cm
{1 % [ 60-80cm
400
] 10]
2
2 300 -
r—3
% 5
s <]
8 200 <] :‘:
S KX KA
S <] <}
° 1o ==
Be Cr Ccd <4 <]
5] 5]
KA KX
1001 < ==
< =
| R K
<] <]
(<] (<]
0 e =€ S =M= SN == *a *a

I b2 J v I ¥ T L T
Ni Cu Zn Sn Sb Pb

Fig. 3 Heavy metal concentrations in the deserted area (mean+standard deviation)

Zn, Cd, Sn, Sb and Pb. In addition, the concentrations of Li,
Cu, Sn, Sb and Pb in DS were higher than those in SS and MS.
It was obvious that the level of heavy metal contamination in
DS of the deserted area was more serious than that in SS and
MS. The reason for this might be that polluted soils in this area
may have been recently covered by relatively unpolluted soils.
Simultaneously, the highest concentrations of Ni
(464.1 mg/kg), Cu (699.5 mg/kg), Zn (453.7 mg/kg), Cd
(4.93 mg/kg) and Pb (531.4 mg/kg) were observed in site 4
or site 5 (MS of'site 5 for Ni, DS of site 4 for Cu, SS of site 5
for Zn, SS of'site 5 for Cd and DS of site 4 for Pb, respective-
ly) (Table S3). We can deduce that the level of heavy metal
contamination increased with the reduction of physical prox-
imity between sampling sites and the acid-leaching area. It
should be noted that it is still unclear whether the pollution
characteristics vary with the distance between pollution
sources and research areas.

Comparison

The mean concentrations of 12 heavy metals in different
sampling areas are listed in Table 3. Comparing the three
sampling areas, as expected, the acid-leaching area had the
most serious heavy metal contamination, with mean values
being 284.7 mg/kg for Ni, 776.5 mg/kg for Cu, 415.6 mg/kg
for Zn, 1,716 mg/kg for Sn and 997.1 mg/kg for Sb, respec-
tively. The mean concentration of Sn (1,716 mg/kg) in the
acid-leaching area exceeded the indicative level for soil seri-
ous contamination of Dutch Standards (900 mg/kg). The
average value of Sb (997.1 mg/kg) was more than 66.5 times
that of the intervention value of Dutch Standards (15 mg/kg).
To our surprise, the deserted area had the highest concentra-
tions of Be (3.84 mg/kg), Cd (1.90 mg/kg) and Pb
(129.0 mg/kg), indicating that the heavy metals released from
e-waste-processing may enter the adjacent environment
through water irrigation and atmospheric deposition. The
results were similar to those of the previous report (Luo

et al. 2011). In comparison with the acid-leaching area and
the deserted area, the extent of heavy metal contamination in
the deserted paddy field was relatively low. It was obvious that
the pollution level of heavy metals in soils decreased in the
order of acid-leaching area > deserted area > deserted paddy
field.

Very few investigations have evaluated the extent of heavy
metal contamination in MS and DS. Hence, it is difficult to
compare our data with other studies due to the lack of appro-
priate comparable information. In the present study, only the
results in SS (0-10, 0-15, 0-20 and 0-30 cm) collected from
other e-waste-recycling centres or Guiyu in the past were
compared with our data, as showed in Table 2, Figs. 2 and
3. From areport by Li etal. (2011), the concentrations of some
common heavy metals (Cr 7.43 mg/kg, Ni 278.4 mg/kg and
Cu 684.1 mg/kg) in the acid-leaching area (in the present
study) were lower than the corresponding values (Cr
2,600 mg/kg, Ni 480 mg/kg and Cu 4,800 mg/kg) in soils/
dusts collected around the abandoned workshops that had
used acids to extract materials from e-waste. It was reported
that the Ministry of Environmental Protection of China has
taken measures to forbid informal e-waste processing (Li et al.
2011). This could partly explain why lower concentrations of
Cr, Ni and Cu were found in the present research. The con-
centrations of Ni, Cu and Pb in the deserted paddy fields in
Guiyu were very similar to those in Longtang (another e-
waste-recycling centre in China) (Luo et al. 2011), while Zn
and Cd were less than those in Lugiao and Longtang (Luo
et al. 2011; Zhang and Min 2009). It seems that the pollution
level of heavy metals in the deserted paddy fields of Guiyu
was lower than those in Luqiao and Longtang.

Geoaccumulation index
Table 3 shows the Iy, of 12 heavy metals in the research

areas. The mean concentrations of heavy metals in the acid-
leaching area, deserted paddy field and deserted area were
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Table 3 Iy, of soils from the

acid-leaching area, deserted pad- Elements Concentrations of heavy metals® Background Lyeo
dy field and deserted area values”
Acid- Deserted Deserted Acid- Deserted Deserted
leaching paddy area leaching paddy area
area field area field
Li 29.4 52.1 51.3 325 -0.73 0.10 0.07
Be 2.1 3.18 3.84 1.95 -0.48 0.12 0.39
\% 58.7 75.4 63.9 824 -1.07 —0.71 —0.95
Cr 493 3.99 3.40 61 —4.21 —4.52 —4.75
Co 13.9 9.41 12.1 12.7 -0.46 -1.02 —0.65
Ni 284.7 28.6 48.1 26.9 2.82 -0.50 0.25
Cu 776.5 87.6 137.5 22.6 4.52 1.37 2.02
Zn 415.6 61.82 261.3 74.2 1.90 —0.85 1.23
Cd 1.30 0.19 1.90 0.10 3.16 0.38 3.71
Sn 1,716 12.53 36.8 2.6 8.78 1.68 3.24
) Sb 997.1 16.9 49.4 1.21 9.10 3.22 4.71
“Data are given as average values 125.2 65.0 129.0 26 1.68 0.74 1.73

®From Wei et al. 1991

chosen as the current concentrations of elements in
corresponding areas, while the background values of soils in
China measured by Wei et al. (1991) were selected as geo-
chemical background values, for calculating /4, values. First,
the acid-leaching area was polluted with heavy metals most
seriously, especially with Sb and Sn, which had I, values of
9.10 and 8.78 (>5, extremely polluted), respectively. The s,
values for Cu, Cd and Ni were also greater than 2 (moderately
polluted to heavily polluted). In summary, the level of heavy
metal contamination in the acid-leaching area decreased in the
order of Sb > Sn > Cu > Cd > Ni > Zn > Pb. In addition, in
comparison with the acid-leaching area, heavy metal contam-
ination was lower in the deserted area and deserted paddy
field. The /,, values for all selected metals in these areas were
less than 5. In the deserted area, only the /,, values of Sb, Cd
and Sn were higher than 3 (heavily polluted). Lastly, the
deserted paddy field was predominantly polluted with Sb,
Sn and Cu, with the I, values being 3.22 (heavily polluted),
1.68 (moderately polluted) and 1.37 (moderately polluted),
respectively; the Iy, values for Pb, Cd, Be and Li were

beyond 0 as well. Therefore, close attention must be paid to
heavy metal contamination in the deserted paddy field be-
cause the grazing of cattle and the breeding of geese were still
taking place in these fields. The results were very similar to the
findings in the present research described above. In summary,
effective measures should be immediately taken to remediate
the most heavily polluted areas and agricultural soils.

Correlation analysis (Pearson)

Pearson correlation analysis has been widely applied to ex-
plore the relativity among various pollutants in soils (Bortivka
et al. 2005; Zhang et al. 2006; Tang et al. 2010a). Correlation
analyses of V, Cr and Co were not performed because the /.,
values of these metals were less than 0 (not polluted). As
presented in Table 4, a significant correlation between Li
and Be was observed at the level of 0.01. The Pearson coef-
ficient was 0.654 between Li and Be, which revealed that
these metals most likely had a common source. Strong corre-
lations among Ni, Cu, Zn, Cd, Sn, Sb and Pb (with the

Table 4 Correlation coefficients

among different metals in soils Element  Li Be Ni Cu Zn Cd Sn Sb
from Guiyu

Be 0.654%*

Ni —0.084  0.168

Cu ~0.583 -0.375 0.375%*

Zn ~0.031 0.174 0.669**  0.287*

cd -0.018 0.385%*  0.561**  0332%%  0.521*
*Correlation is significant at the Sn -0.415 -0.310 0.288* 0.348%* 0.274%* 0.200
level of 0.05 (two tailed) Sb —0.485 0314 0.340%*  0.594**  0204*  0.314**  (.868**
**Correlation is significant at the ~ py, 0294  —0.009 0217 0.241* 0.306* 0377+  0.734**  0.650**

level of 0.01 (two tailed)
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exception of Ni-Pb and Cd-Sn) were also evident at the levels
of 0.01 or 0.05, suggesting that these metals might originate
from common sources as well. Many previous reports have
confirmed that most e-waste is composed of a mixture of
heavy metals, plastics and ceramics (Li et al. 2011; Lehner
and Vikdahl 1998; Cui and Zhang 2008; Robinson 2009; Pant
etal. 2012; Kantarelis et al. 2011), and generally, most e-waste
contains higher contents of Ni, Cu, Zn, Cd, Sn, Sb and Pb
although the chemical composition of e-waste varies with the
types of obsolete components (Robinson 2009). Consequent-
ly, we can further infer that the contamination of heavy metals
in soils from Guiyu could principally originate from uncon-
trolled e-waste dismantling, while Li and Be contamination
might arise from other industrial activities and battery
disposal.

It should be noted that even though the /., analysis and
Pearson correlation analysis used in the present study offer
significant information of pollution status of heavy metals,
better geochemical and statistical tools are essential to identify
the natural and anthropogenic sources of heavy metal contam-
ination (Hu et al. 2013). In addition, chemical species analysis
and ecological risk assessment are necessary for evaluating
the impact of pollutants in soil on animals.

Conclusions

Clearly, accumulations of heavy metals were found in the soil
environment of the acid-leaching area, deserted paddy field
and deserted area due to uncontrolled e-waste processing.
Heavy metal contamination in the acid-leaching area and
deserted paddy field was mainly focused on SS and MS. This
could be explained by the fact that heavy metals in both SS
and MS of these areas had been enriched in the past 20 years
when e-waste-recycling activities were most extensive. The
level of heavy metal contamination in the acid-leaching area
decreased in the following order: Sb>Sn>Cu>Cd>Ni>Zn
> Pb, while the deserted paddy field was mainly polluted with
heavy metals in the order of Sb > Sn > Cu. It was evident that
the pollution levels of Sn and Sb in both the acid-leaching area
and the deserted paddy area were higher than that of Ni, Cu,
Zn, Cd and Pb. More attention should be paid to Sn and Sb in
the future research of heavy metal contamination in soils.
However, heavy metal pollution in the deserted area was
principally concentrated in DS because the deserted area has
likely been covered by unpolluted soils. Correlation analysis
suggested that Ni, Cu, Zn, Cd, Pb, Sn and Sb most likely
originated from uncontrolled e-waste processing, while Li and
Be pollution might be attributed to other industrial activities
and battery waste. The acid-leaching area may be a source of
contamination for its surrounding soil environments due to its

extremely high concentrations of heavy metals. The remedia-
tion and management of this area are a matter of urgency.
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