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The study was performed to investigate the heavy metal content and availability for crops in sewage
sludge and its accumulation in Chinese cabbage grown in sewage sludge amended soil. We determined
the total and chemical fraction of As, Cr, Cd, Pb, Ni, Cu, Zn, Fe, Mg and Mn in sewage sludge and the
total content of these metals in Chinese cabbage grown in soil amended with sewage sludge. Total
content of all metals (except for As) was below the top limits for land application of sewage sludge in
China. The majority of As, Cd, Pb, Zn and Fe was present in the residual fraction (70 — 95%) of the total
concentration, and 21% of Cd, 59% of Cr and 56% of Cu were present in oxidizable fraction in sewage
sludge. Most of the content of metals increased in Chinese cabbage with the increase in sludge
amendments ratio, and the content of heavy metal As, Cd, Cr and Zn exceeded the top limits of metals
content in China. Our results suggested that application of sewage sludge could enhance the output of
vegetable while the risk of heavy metal should be of concern.
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INTRODUCTION

Anthropogenic activities have altered the environment
significantly throughout the world including mining, indus-
try and agriculture as well as increase of the urbanization
level. For example, on one hand many chemical fertilizers
from various ore that cannot be regenerated are
decreasing gradually. On the other hand, however the
discharge of wastewater containing abundant nutrition
have been considered as the important causes contri-
buting to the eutrophication of water (Wang et al., 2008).
In order to reduce the wastewater discharging, abounded
wastewater treatment plants have been constructed in
recent several decades. In 1980s, only about 20 small-
scale treatment plants that provided low levels of treat-
ment were constructed and by 2000, there were about
400 wastewater treatment plants in China. The rapid
increase in the number of new wastewater treatment

*Corresponding author. E-mail: zhangsonghe@sohu.com. Tel:
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plants is expected to yield more than four million tonne of
munici- pal dry sewage sludge in coming years (Lee et al.,
2002; Dai et al., 2007). Consequently the accumulation of
sewage sludge from wastewater treatment is a serious
environmental problem in China (Solis et al., 2002; Wang
et al., 2006b).

Disposal of sludge through incineration and landfill has
been performed in many countries for many years.
However, incineration of sludge always needs supple-
mentary fuel, which makes this method less economical
(Dolgen et al.,, 2006), and landfill of sludge is an
inexpensive method. In addition, landfill is a kind of waste
because there are lots of organic materials and plant
nutrition including N, P and other essential microelements
in sewage sludge (Wei and Liu, 2005). For these reasons,
recycling of sludge for agricultural purposes seems to be
an appealing solution that enables valuable components
to be recycled (Dolgen et al., 2006). Thus, sewage
sludge has been used as an amendment to agricultural
soils (Kidd et al., 2007) and the application of sludge also
increase soil organic matter content that contributing to
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the structural stability of the soil and to its resistance to

erosion (Hernandez, et al., 1991; Ortiz and Alcaniz, 2006).

Sewage sludge potentially carries pollutants, since
many wastewater treatment plants receive discharges not
only from residential area but also from industry (Dai et
al., 2007; Bright and Healey, 2003; Berti and Jacobs,
1998). The pollutants such as heavy metals are trans-
ferable and are not biodegradable, and at some levels,
they become toxic and tend to accumulate along the food
chain, where man is the last link (Dudka and Miller, 1999;
Amir et al., 2005). In order to minimize the prospective
health risks of sludge during land application, many
studies have been performed using various methods to
study the chemical fraction and remediation of heavy
metal in sewage. Wang et al (2006b) have investigated
the distributions of total and chemical fractions of eight

heavy metal elements in sludge at different process stage.

Many reports (Hamon et al., 1995; Otte et al., 1995; Su et
al., 2004) have shown that solubility of heavy metals in
sewage sludge amended soil is associated with the soil
pH and the availability and distribution of heavy metals in
the vicinity of roots in soils amended with sludge. The
chemical fractionation and heavy metal accumulation
were also investigated in the plant grown on soil amend-
ed with tannery sludge (Gupta and Sinha, 2006; McBride
et al., 2004). However, extensive study should be
performed because the species and fraction of heavy
metals is different in different sewage sludge source and
there is a complex mechanism among sludge, amended
soil and plants.

Chinese cabbage (Brassica rapa ssp. pekinensis) be-
longing to Cruciferae is one of the main vegetables in
China (Zhang et al., 2007). Chinese cabbage has been
cultured in soil amended with sewage sludge (Wei and
Liu, 2005). The aim of this study is to investigate the
species and fraction of ten metals in sewage sludge and the
uptake of heavy metal in Chinese cabbage grown in sewage
sludge amended soil. The results showed that content of As
exceed the limits for land application of sewage sludge
and content of As, Cd, Cr and Zn in edible parts of
Chinese cabbage was above the top limits in China.

MATERIALS AND METHODS
Nutrition characterization of sewage sludge and soil

Samples of the sewage sludge and surface soil (2-15 cm) were
respectively collected from Loujiang wastewater treatment plant
(Suzhou, China) and from garden of Hohai University (Nanjing,
China). All the samples were air-dried at room temperature, finely
powdered and sieved to 2 mm mesh size in sequence. Powder
samples were used to make the various amendments for experi-
mental studies or to determine the metal content.

pH of sludge and soil was measured by detecting the homo-
genate of samples and ddH»O at the ratio of 1:10 (w/v) using a
digital pH meter. Organic matter of the sewage sludge was
determined according to the procedure of loss on ignition (LOI) at
450°C for 3 h in muffle. Kjeldahl nitrogen (TN, total nitrogen) in the
samples of sludge and soil was determined using the Kjeldhal
method.

Extraction of the metals in soil and sludge sample

To determine the metal contents in the sludge, 0.2 g of powdered
sample was digested with 8 ml HNO3; and 2 ml HCIO4 in a 25 ml
Teflon PFA (Perfluoroalkoxy) vial for 6 h at room temperature. 1 ml
of HF acid was added, mixed and heated until near dryness. The
cooled residue was dissolved in 5 ml 5% HNOg, and suitable ddH.O
was added up to 25 ml in total.

Chemical fraction of metals in sludge using BCR program

The sequential extraction analysis of metals in sludge was per-
formed according to three-step sequential extraction procedure
(Ure et al., 1993; Rauret et al., 1999). The extraction procedure is
as follows.

For exchangeable/acid soluble fraction (Step 1), 0.5 g of powdered
sludge sample was well homogenized with 20 ml acetic acid (0.11
mol I”") in a 50 ml polypropylene centrifuge. The tubes were shaken
at 200 rpm for 16 h at room temperature. The homogenate was
centrifuged at 4000 rpm for 25 min, and the extract was transferred
into a polyethylene tube for keeping at —-4°C. The residue was
rinsed with 16 ml of ddH>O by shaking for 15 min at 200 rpm and
the liquid supernatant was removed after centrifuging.

For reducible fraction (step 2), the residue from the step 1 was
extracted with 20 ml 0.1 M hydroxylamine hydrochloride (pH 2) for
16 h in a centrifuge tube, which was shaken at 200 rpm for 16 h at
room temperature. The extract was transferred into a polyethylene
tube for keeping at —4°C after centrifuging at 4000 rpm for 25 min.
The residue was rinsed with 16 ml of ddH>O by shaking for 15 min
at 200 rpm and the liquid supernatant was removed after
centrifuging.

For oxidizable fraction (step 3), residue from step 2 was oxidized
with 8 ml hydrogen peroxide (30%) for 4 h. Another 8 ml of hydro-
gen peroxide was added and digestion was allowed to proceed to
near dryness for at 85°C by heating the uncovered tube in a water
bath. 40 ml 0.1 M ammonium acetate (adjusted to pH 2 with nitric
acid) was added to the cooled residue, which was then shaken for
16 h at room temperature. The extract was transferred into a
polyethylene tube for keeping at —4°C after centrifuging. The resi-
due was rinsed with 16 ml of ddH>O by shaking for 15 min at 200
rpm and the liquid supernatant was removed after centrifuging.

For residual fraction (Step 4), the metal content in residual
fraction was extracted according to the procedure described in 2.3.

Green house pot experiment

The garden soil mixed with 0 (control), 5, 10, 15, 20 and 25%
sewage sludge. The amended soils were allowed to equilibrate for
one month. Seeds of Chinese cabbage were sterilized with 5%
NaCIO for 10 min, rinsed several times with distilled water. The
soaked seeds were evenly sown in pots (12 inch diameter) that
filled with different amendments of sewage sludge along with one
set of control, each in three replicates. Eight germinated seeds
were sown in each pot to a depth of 0.5 cm. Plants were watered as
needed and plastic saucers were placed below each pot to prevent
leaching from the pots. The experiments were conducted in a green
house under condition of natural light. The temperature of the air
ranged from 18 to 30°C. Plants were harvested on the 15th day
after transplanted. Leaves and roots were separated and washed
with ddH.O. Samples were dried and weighted for the determi-
nation of heavy metals.

Extraction of heavy metals in plant

All the harvested plant materials were oven dried at 105°C and then
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Table 1. Select physicochemical properties of garden soil and sewage sludge (TOC, total organic C).

Parameter Sewage sludge | limits of sewage sludge usage a Soil SEPA limits for soils®
pH° 7.45+0.12 - 7.72+0.09 -
TOC(%) 42.55+2.16 - 2.79+0.47 -
TN (mg/kg) 6.48+0.73 - 4.29+0.34 -
TP (g/kg) 16.53+0.7875 - 7.29+1.08 -
K (g/kg) 4.9+0.94 - 19.5+1.77 -
As (mg/kg) 322.76131.77 75 30.12+2.33 30
Cd (mg/kg) 5.06+0.65 20 0.57+0.22 0.6
Cr (mg/kg) 48.85+5.22 1200 29.07+2.23 250
Pb (mg/kg) 41.19+4.78 1000 12.85+1.11 350
Ni (mg/kg) 25.32+1.28 200 21.88+1.72 60
Cu (mg/kg) 105.08+4.57 1500 18.96%1.22 100
Zn (mg/kg) 1872.23+22.71 3000 113.4445.43 300
Fe (g/kg) 24.99+3.05 - 34.19+2.62 -
Mg (g/kg) 2.11+£0.74 - 2.24+0.79 -
Mn (mg/kg) 629.46+33.52 - 265.10123.11 -

Data are the mean values and standard errors of triplicate experiments. *Permissible limits of sewage sludge usage in agriculture
in China. °State Environmental Protection Administration (SEPA) in China. “soil:water = 1:10.

kept at 80°C for 72 h. Dried materials were weighed, and then
were ground for the analysis of the heavy metals content. Briefly,
0.2 g of ground powder plant samples were digested with 10 ml
HNO3-HCIO, solution (8:2, by volume) and heated at 100-200°C
until near dryness. The cooled residue was dissolved in 5 ml 5%
HNQOg, and suitable ddH,O was added up to 25 ml in total.

Metal determination and statistical analyses

Total phosphorus (TP) and potassium (K) were

determined by the inductively-coupled plasma atomic emission
spectrometry (ICP-AES) in garden soil and sewage sludge. The
contents of As, Cd, Cr, Pb, Cu, Ni, Zn, Fe, Mg and Mn in extracts
from sludge or plant were determined by using ICP-AES. All rea-
gents used were of analytical grade. The transport factor
(expressed as %) was calculated as the ratio of the metal content in
plant leaves to roots. Data are the mean values and standard errors
of triplicate experiments -

RESULTS
Characteristics of soil and sewage sludge

Select physicochemical properties of heavy metal con-
centrations within the sampled sewage sludge and
garden soil are presented in Table 1. The pH of the
sewage sludge and garden soil were both over 7.4. The
content of TOC, TN and TP was higher in sewage sludge
than that in garden soil significantly. The contents of
heavy metal elements in sewage sludge such as Cd, Cr,
Pb, Ni, Cu and Zn were lower than the permissible limits
of sewage sludge usage in agriculture in China except for
As, which was three times higher than the limits content.
Like in sewage sludge, only content of As was higher

slightly than the limits regulations of State Environmental
Protection Administration (SEPA) for soil in China.
Among the metal elements, only K, Fe and Mg concen-
trations were higher in garden soil than those in sewage
sludge.

Chemical fraction of metal elements in sewage
sludge

The fraction of heavy metals in sewage sludge should be
further analyzed, since total content of most heavy metal
(As, Cd, Cr, Pb, Ni, Cu and Zn) was higher significantly
than that in garden soil. Figure 1 shows the distribution
percentages of various fractions of heave metals or plant
necessary nutrition in sewage sludge samples. Ex-
changeable fraction (water and acid-soluble) of Cd, Cr,
Pb, Cu and Fe was lower than 5% and that of As, Ni and
Zn ranged from 11% to 17%. Reducible fraction of metals
ranged 0.1 to 10% except for Mg and Mn. 21% of Cd,
59% of Cr and 56% of Cu were present in oxidizable
fraction while the majority of As, Cd, Pb, Zn and Fe was
present in the residual fraction (70 — 95%) of the total
concentration.

Contents of metal elements of Chinese cabbage
grown in soil amended with sewage sludge

In order to investigate the effects of sewage sludge appli-
cation, Chinese cabbage was planted in soil amended
with different content of sewage sludge. The plant was
washed with ddH,O post harvest, and the weight of
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Table 2. Concentration of partial metal elements (mg/Kg) in leaves of Chinese cabbage grown in soil amended with various

content of sewage sludge.

Metal Ck 5% 10%° 15%° 20%° 25%"° Lims"
As 2.1x0.21 5.8+0.88 5.9+0.97 7.4+1.08 10+0.59 7.9+0.97 0.05
Cd 0.14+0.07 0.15+0.07 0.25+0.02 0.25+0.07 0.41+0.01 0.24+0.09 0.2
Cr 0.70.15 2.4+0.47 3.120.25 3.210.34 5.5+0.53 5.840.79 0.5
Pb 0.08+0.01 0.17+0.4 0.24+0.6 0.27+0.2 0.19+0.02 0.22+0.5 0.3
Ni 1.240.2 0.6+0.2 1.6+0.4 1.6+0.6 2.1+0.3 3.1£0.1 -
Cu 2.6x0.5 4.7+0.7 5.6x1.1 4.2+0.8 3.6+0.9 4.2+1.1 10
Zn 43.415.8 63.319.3 65.916.6 78.9+11.6 72.5£11.1 69.5+10.7 20
Fe 185.2+29.7 551.9+84.5 781.7+90.1 991.8+119.3 510.1+121.7 | 673.1+147.4 -
Mg 1450.1+141 1550.4+152 [ 1460.5£111.8 1477.8+192.6 | 1650.3x117 | 1664.1x141 -
Mn 17.2+4.2 26.7+4.9 34.1+3.1 28.7+1.2 28.1+2.8 24.1+3.5 -

Data are the mean values and standard errors of triplicate experiments.
#Percentages of sewage sludge in soil.

®Tolerance limit levels of metal contaminants in foods (Pb, Cd, As, Cr-GB 2762-2005; Cu-GB 15199-94; Zn-GB13106-91) as

stipulated in the regulations.

L, 100% !
o
— [m}
o0
o, H N w70
L N™
gLE' A B 00X
= NI
o
25 4 Iy
i
W5 oo
= 5
T
- - HINE

b COd Cr Pb M1 P Cu Zn Fe Mg Mn

Metal elements

Figure 1. The distribution percentages of various fractions of
heave metals or plant necessary nutrition in sludge samples. AC =
exchangeable fraction; QY= reducible fraction; OX = oxidizable
fraction; RD = residual fraction

plants in every pot was weighed after dried in oven at
80°C. As showed in Figure 2 application of sewage
sludge to garden soil enhances the relative growth rate of
Chinese cabbage significantly compared with CK.

Heavy metal content in leaves of Chinese cabbage
and transport factors

Table 2 shows the accumulation of metals in leaves of
Chinese cabbage. Most of the content of metals increas-
ed in Chinese cabbage with the increase in sludge
amendments ratio, and the content of heavy metal As, Cd,
Cr and Zn exceeded the limits of metals in the regulation.
Leaf:root metal concentration ratio was calculated
according to the metal concentrations in leaves and roots

200%
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Figure 2. Relative growth rate of Chinese cabbage in soil
amended with various content of sewage sludge. Data are the
mean values and standard errors of triplicate experiments.

of Chinese cabbage, and the range and mean of trans-
port factor in Chinese cabbage was shown in Table 3.
Among the metal elements, the transport factor of Mg
was 97.64% in Chinese cabbage, while those of other
metals detected were below 35% (Table 3).

DISCUSSION

The usage of sewage sludge has been encouraged in
amendment of agricultural soils for many years, and this
is a more economically attractive way than landfill and
incineration because that these practices enable the
waste materials to be recycled and at the same time, the
natural resources and energy are saved effectively. In



this study, high level of TOC, TN and TP (Table 1) was
detected in sewage sludge. These support the viewpoint
that sewage sludge has the high potential agricultural
benefits for land application (Fuentes et al., 2004).

Total concentration of heavy metal is one of the
important factors on the risk assessments for land appli-
cation of sewage sludge in many countries (McBride,
1995). Whereas bioavailability of heavy metals in sewage
sludge should be also an important factor to assess the
risk of heavy metals and determines the ability for plant
uptake and potential for contamination of groundwater
(lwegbue et al., 2007). Sequential extraction to frac-
tionate metals in solid and sludge into several groups of
different leach ability is widely used to determine the
distribution of metals in different phases (Shiowatana et
al,, 2001; Zhang et al., 2007). In this study, most of
metals were not present in the exchangeable and
reducible fraction but in oxidizable and residual fraction
(Figure 1), suggesting that the majority of metals (Cd, Cr,
Pb and Cu) might be linked to organic substances or be
co-precipitated with oxides, carbonates and phosphates
in sewage sludge (Zhang et al., 2007). Wang et al. (2006)
reported that the residual fraction was the predominant
fraction for Ni and Cr while the oxidizable fraction was the
primary fraction for Cu and Pb in sewage sludge. These
differences may be caused by the different physico-

chemical properties of sewage sludge (Wang et al., 2006).

However, the high content and the high potential mobility
and bioavailability of As, Ni and Zn in Table 1 and Figure
1 may be a limitation in agricultural application.

Growth rate of Chinese cabbage was enhanced by
application of sewage sludge (Figure 2). Chinese
cabbage takes up metals (As, Cd, Cr, Pb, Ni, Cu, and Zn
et al.) and accumulates them in their edible and inedible
parts with various concentrations (Tables 2 and 3) and
most of the metal concentrations increased in plants
grown in soils amended with sewage sludge compared
with those in control plants. These accorded with the
earlier research results from other researcher (Wei and
Liu, 2005) and suggested that abundant nutrition in
sewage sludge can increase the output of vegetables, but
the bio-available concentration of metals was also in-
creased in soils amended with sewage sludge. Kazi et al.
(2005) reported that metal mobility and bioavailability
increase with decreasing pH below pH 6.5 while
decrease with increasing pH above pH 6.5. The pH was
not affected significant (pH7.61- pH7.72) in soil amended
with sewage sludge (data not shown). Wei and liu (2005)
found that land application of sewage sludge main
increased the concentrations of bio-available metals (Cu
and Zn) in soil. Similar results also found in this study.

For example, concentrations of Pb increased signifi-
cantly in Chinese cabbage when amended with sewage
sludge, while the total content of Pb was lower in soil and
the majority of Pb was present in residual status in
sewage sludge. Recent report (Lin et al., 2004) showed
that bio-available concentration of metals might be asso-
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Table 3. Leafroot metal concentration ratio in Chinese
cabbage grown in soil amended sewage sludge (%).

Metal Range of shoot/ root Mean (n=6)

As 11.67%-33.05% 21.77+3.69%
Cd 18.75%-48.00% 34.85+5.72%
Cr 14.63%-36.36% 27.9413.48%
Pb 8.22%-53.33% 29.821+8.39%
Ni 6.52%-33.87% 26.641+5.24%
Cu 9.44%-20.90% 15.86+3.39%
Zn 20.81%-34.26% 29.00+2.55%
Fe 4.11%-20.71% 16.49+3.09%
Mg 88.52%-105.03% 97.64+7.21%
Mn 12.14%-28.93% 25.59+3.17%

ciated with the physical and chemical characteristics of
the rhizosphere, which may in turn change the charac-
teristics of trace metals present. However, the interaction
mechanism related to the release of bio-available metals
should be further studied in plant grown in soil amended
with sewage sludge. Cu and Zn are essential nutrients for
plants. Like heavy metal Cd, Cr, Pb et al., however, high
level of Cu and Zn is toxic to plants under certain
conditions (Jefferies and Freestone, 1984). The concen-
tration of these metals normally increased in plants grown
in soil amended with sewage sludge and content of As,
Cd, Cr and Zn was higher in leaves (Table 2) than the
limits of metals in the regulations. Thus, their potential
accumulation in human tissues and bio-magnification
through the food-chain cause both human health and
environmental concerns (Zheng et al.,, 2007). On the
other hand, however, the potential ability of the crucifer
plants Chinese cabbage in taking up heavy metals should
be of concern although the ability of transport metal
elements from roots to shoots is relative lower (the
average shoot: root ratio of most metals ranged from ~15
to ~35%) in this study (Table 3). Several reports (Wei and
Liu, 2005; Zhao et al., 2006; Huang et al., 1998; Zheng et
al.,, 2007; Gréman et al., 2003; Diego et al., 2005) had
shown that Chinese cabbage can uptake the As, Zn, U,
Hg, Pb, Cd Cr and Cu and accumulate them in a higher
level. Thus, further study should be performed to
investigate the potential ability of Chinese cabbage in the
remediation of heavy metals contaminated soils.

In conclusion, the heavy metal is one of the limits for
land application of sewage sludge, although there is
abundant nutrition for plants. High level of heavy metals
was detected in Chinese cabbage grown in soil amended
with sewage sludge. Therefore, stringent guidelines
should be set for the sewage sludge application for edible
crop production. One the other hand, Chinese cabbage
may be a candidate plants to remediation the soil con-
taminated with heavy metal.
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