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Abstract: The pollution hazards of heavy metals were investigated in sewage sludge collected from four wastewater treatment plants 
in Nanchang City, China, including Honggutan (HGT), Chaoyang (CY), Qingshanhu (QSH) and Xianghu (XH). Contamination/risk 
characteristics of heavy metals (Cu, Pb, Zn, Cd, Cr and Ni) were evaluated based on their leachable content, total content and 
chemical speciation. The sewage sludge from QSH contained higher total contents of heavy metals (except Pb) than those from HGT, 
XH and CY. The total contents of Cd and Ni were mostly beyond standard. Cu, Cr and Pb were predominantly present in potential 
effect and stable fractions. Zn and Ni showed higher bioavailability. Cd presented roughly uniform distribution into four fractions. 
The leaching contents of heavy metals almost exceeded the threshold values, especially for Zn and Ni. The potential ecological risk 
indexes of heavy metals in sewage sludge were 4263.34−7480.26, indicating very high risks. Cd contamination is the major concern. 
Key words: sewage sludge; heavy metal; contamination degree; environment risk 
                                                                                                             

 
 
1 Introduction 
 

In recent years, with the fast development of 
economy and growing environmental protection 
consciousness of government and citizens, the sewage 
treatment capacity of China has been established quickly. 
According to the Ministry of Environmental Protection 
of the People’s Republic of China, by 2013, there   
were 5364 municipal wastewater treatment plants   
(WWTPs), and the sewage treatment capacity was about 
1.7×108 m3/d. At present, many sewage treatment 
processes are used in WWTPs in China, including 
conventional activated sludge treatment, anaerobic- 
anoxic-oxic (A2/O), anaerobic-oxic (A/O), sequencing 
batch reactor (SBR), oxidation ditch, etc [1]. During 
these treatment processes, large amount of sewage sludge 
will be produced, which must be disposed in a non- 
hazardous manner. Total sewage sludge production in 
China had an average annual growth of 13% from 2007 
to 2013, and 6.25 ×109 kg dry solids were produced in 
2013 [2]. 

Nowadays, the main approaches to disposing 

sewage sludge can be classified into three categories: 
agricultural use, incineration, and landfill [3,4]. However, 
all of these approaches have potential risks of causing 
heavy-metal pollution, since sewage sludge usually 
contains certain quantities of heavy metals, such as Zn, 
Pb, Cu, Cr, Ni, Cd, Hg, and As (contents vary from less 
than 1 mg/kg to more than 1000 mg/kg) [5−7]. Hence, 
some pre-treatment procedures should be adopted to 
reduce/stabilize the heavy metals contained in sewage 
sludge before disposal. Thoroughly understanding the 
properties of heavy metals present in sewage sludge is 
basic but important for the control of heavy-metal 
pollution during the treatment of sewage sludge. 

Although the total metal concentrations may 
indicate the overall level of heavy metals in sewage 
sludge, the mobility of heavy metals, their bioavailability 
and eco-toxicity to plants, depend strongly on their 
specific chemical forms or ways of binding [8,9]. The 
chemical speciation of heavy metals can be determined 
with selective sequential extraction analysis, which 
consists of several extraction steps that use different 
chemical reagents and conditions. Sequential extraction 
provides information about the differentiation of the 
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relative bonding strength of metals on various solid 
phases and about their potential reactivity under different 
physicochemical environmental conditions [10]. The two 
most widely used sequential extraction methods are 
Tessier [11] and BCR (the European Community Bureau 
of Reference, now the Standards, Measurements and 
Testing Program) [12]. The BCR sequential extraction 
method provides a compromise between analysis time 
and the amount of information obtained. Up to now, 
many studies have been carried out on heavy metal 
pollution using the BCR sequential extraction method in 
samples such as soils [13], sediments [14], street    
dust [10,15] and sewage sludge [16,17]. 

Multivariate statistical analysis is a useful technique 
for identifying common patterns in data distribution, 
leading to a reduction of the initial dimension of data sets 
and facilitating its interpretation [18]. Principal 
component analysis (PCA) is a multivariate technique 
widely used to reduce data and to extract a smaller 
number of independent factors for analyzing the 
relationships among observed variables. Cluster analysis 
(CA) classifies a set of observations into two or more 
mutually exclusive unknown groups based on a 
combination of internal variables [19]. Multivariate 
statistical techniques (PCA and CA) have been widely 
applied to environmental samples such as sediments 
[20−23], dust [10,24,25], fly ash [26], sludge [18,27], 
and soil [28]. 

Nanchang is a very important provincial capital city 
in Central China. However, there have been limited 
researches regarding the pollution characteristics and 
ecological risk of heavy metals in the sewage sludges 
produced from the sewage treatment industry. In this 
work, sewage sludge samples were collected from the 
four main wastewater treatment plants in Nanchang City. 
Some significant physicochemical properties, such as pH, 
electrical conductivity (EC), organic matter and ash 
contents, were determined. The total contents of six 
heavy metals (Cr, Cd, Cu, Ni, Pb and Zn) were 
investigated using acid digestion method. The BCR 
separation procedure was used to determine the chemical 
fraction of heavy metals and their leachable contents 
were analyzed by the toxicity characteristic leaching 
procedure (TCLP). The contamination degree and risk of 
heavy metals were evaluated with the aid of 
geo-accumulation index (Igeo), potential ecological risk 
index (RI) and risk assessment code (RAC). Cluster 
analysis and principal component analysis were also used 
to identify correlations among sewage sludges from 
different plants. This work aims to identify the pollution 
hazards of heavy metals in sewage sludges produced in 
Nanchang (China), which will provide significant 
references for sewage sludge treatment/disposal. 

 

2 Experimental 
 
2.1 Sample collection and pre-treatment 

The study area, the city of Nanchang, is located in 
the northern part of Jiangxi province, Southeast China. 
This city consists of nine counties with a population of 
5.24×106, and covers 7402.36 km2. The main industrial 
sectors include manufacture, cottonocracy, chemical, 
medicine and electronic information. The high variability 
of industrial and agricultural activities generates wastes 
of various characteristics and quantities. Sewage sludge 
samples were obtained from four wastewater treatment 
plants located in different sites of the main urban area of 
Nanchang City, namely, Honggutan (HGT), Qingshanhu 
(QSH), Xianghu (XH) and Chaoyang (CY). The details 
about these plants are given in Table 1. Sewage sludge 
samples were collected immediately after being 
dewatered by the belt or rotary press filter. The samples 
were firstly air dried and then ground into <150 μm. 
Then, the powder samples were dried in an oven at 
105 °C for 24 h and finally stored in jars at room 
temperature. 
 
Table 1 Detailed information on four wastewater treatment 

plants 

Sample
Capacity/

(m3·d−1)

Wastewater 

treatment technology 

Sludge dewatering 

technique 

HGT 20×104 A2/O Belt filter 

QSH 46×104 
Oxidation 

ditch, SBR 

Anaerobic 

digestion, 

belt filter 

XH 20×104 
Hydrolysis, 

oxidation ditch 
Belt filter 

CY 8×104 Oxidation ditch Rotary press filter

 
2.2 Chemical analysis 
2.2.1 Physicochemical analysis 

Determination method for municipal sludge in 
wastewater treatment plant [29] was applied to determine 
the pH value and organic matter content of each sludge 
sample. The content of organic matter (OM) in sludge 
was analyzed by burning at 550 °C in a muffle for 1 h. 
The pH of sludge was obtained through measuring the 
sludge extracts (1:10 solid/deionized water (w/V)) using 
a digital pH meter (PHS−3C, China). Electrical 
conductivity (EC) was obtained through measuring the 
sludge extracts (1:5 solid/deionized water (w/V)) using a 
conductivity meter (DDS−11A, China). Ultimate 
analysis was conducted by an elemental analyzer (Flash 
EA1112, Thermo, America). Total phosphorus (TP) and 
total kalium (TK) were determined by a visible 
spectrophotometer (722S, China) and a flame photometer 
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(FP640, China), respectively. The higher heating value 
(HHV, MJ/kg) was calculated according to the Dulong 
formula [30,31]: 
 

o
c h0.3383 1.442( )

8
H   


                   (1) 

 
where ωc, ωh and ωo are the mass fractions of carbon, 
hydrogen and oxygen, respectively. 
2.2.2 Analysis of total metal concentration 

0.2 g of each sample and a solution of 5 mL HNO3, 
5 mL HClO4 and 3 mL H2O2 (30%) were placed into a 
polytetrafluoroethylene beaker (25 mL). Next, the 
mixture was heated on a electric hot plate (EH35B, 
China). The contents were evaporated till being nearly 
dry. After cooling down, the residue obtained was 
dissolved with 5% HNO3, transferred into a volumetric 
flask (50 mL) through a 0.45 μm membrane filter and 
then diluted to the mark. 
2.2.3 Sequential extraction 

The BCR three-step sequential extraction procedure 
described by URE et al [32] was adopted in this work. 
For an internal check on the procedure, an additional step 
(Step 4) was applied. After the sequential extraction steps, 
the residual metal content was determined. 

Step 1: Acid soluble/exchangeable fraction (F1, 
exchangeable metal and carbonate-associated fractions). 
Sludge samples (0.5 g) were introduced into a 50 mL 
polypropylene centrifuge tube containing 20 mL of 
acetic acid (0.1 mol/L) and then shaken for 16 h at room 
temperature. The solution and solid phases were 
separated by centrifugation at 4000 r/min for 20 min. 
Subsequently, the suspension was filtered through a  
0.45 μm membrane filter and the solid residues were 
preserved for subsequent extractions. 

Step 2: Reducible fraction (F2, fraction associated 
with Fe and Mn oxides). The residues from Step 1 were 
shaken with 20 mL of 0.1 mol/L hydroxylammonium 
chloride (adjusted to pH 2 with nitric acid) for 16 h. The 
extraction procedure followed that described in Step 1. 

Step 3: Oxidizable fraction (F3, fraction bound to 
organic matter). The residues from Step 2 were dispersed 
in 5 mL of hydrogen peroxide (30%) and digested at 
room temperature for 1 h with occasional shaking. A 
second 5 mL aliquot of hydrogen peroxide was 
introduced and digested at 85 °C (water bath) for 1 h. 
The contents were evaporated to a small volume    
(1−2 mL). About 25 mL of ammonium acetate      
(1.0 mol/L, adjusted to pH 2 with nitric acid) was added 
to the cool and moist residue, after which the mixture 
was shaken and centrifuged. The extract was separated 
according to the procedure described in Step 1. 

Step 4: Residual fraction (F4). The residues from 
Step 3 were digested using the method mentioned in 
Section 2.2.2. 

2.2.4 Analysis of leachable metal concentration 
The TCLP test is designed to determine the mobility 

of both organic and inorganic analytes present in liquid, 
solid and multiphasic wastes [33,34]. Here, TCLP was 
applied to assessing the leaching characteristics of heavy 
metals in sewage sludge. And the TCLP leaching of 
sewage sludge was carried out by extraction (liquid-to- 
solid ratio of 20:1) using glacial acetic acid solution 
(pH=2.8) as medium. The sewage sludge samples along 
with leaching fluid were placed in a rotary shaker and 
shaken at 120 r/min for 20 h. After the extraction, the 
samples were centrifugated at 4000 r/min for 20 min and 
the water phase was filtered through a 0.45 μm 
membrane filter. 

The contents of Zn, Cu, Pb, Cd, Cr and Ni were 
determined by an atomic absorption spectrometer 
(Hitachi Z−2000, Japan). Each experiment was 
conducted in triplicate and the results reported in this 
work are the average values with standard deviation. 
 
2.3 Contamination degree and risk analysis 
2.3.1 Geo-accumulation index (Igeo) 

The geo-accumulation index method (Igeo), which 
was first described by MÜLLER [35], is widely used to 
estimate the pollution level of heavy metals in various 
environment media [36−38]. Geo-accumulation index 
method (Igeo) is calculated as 
 

geo 2log
1.5

i

i

C
I

B
                              (2) 

 
where Ci is the measured content of metal i in sewage 
sludge (total content); Bi is the geochemical background 
value of a particular heavy metal. The constant factor of 
1.5 was introduced to analyze natural fluctuations in the 
contents of a given substance in the environment and 
very small anthropogenic influence. The geometric mean 
values of heavy metals in the surface soil of Jiangxi 
Province, China, were used as background reference 
values. The background contents of Cu, Zn, Pb, Cd, Cr 
and Ni are 17.7, 63.7, 29.7, 0.0696, 39.4 and 15.8 mg/kg, 
respectively [39]. 
2.3.2 Potential ecological risk index (RI) 

The potential ecological risk index (RI, R) was 
proposed by HAKANSON [40] and can be used to 
evaluate the potential ecological risk of heavy metals in 
sewage sludge [17,41,42]. RI method covers a variety of 
research domains, i.e., biological toxicology, 
environmental chemistry as well as ecology, and can be 
used to evaluate ecological risks caused by heavy metals 
comprehensively. The calculation of RI is given below: 
 

r r r r
n

iM M M
i i i i

i
I I I

C
R E T C T

C
                      (3) 

 
where r

iE  is the potential ecological risk coefficient of a 
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particular heavy metal; r
iT  is the toxicity coefficient of 

specific pollutant that reflects the toxicity, pollution 
levels and sensitivity of the environment to heavy metals; 

r
iC  is the pollution factor; Ci is the tested value of heavy 

metal i (total content); n
iC  is the reference value of 

heavy metal i, defined as Bi. The toxicity coefficients of 
Cu, Zn, Pb, Cd, Cr and Ni are 5, 1, 5, 30, 2 and 5, 
respectively. 
2.3.3 Risk assessment code (RAC) 

The risk assessment code (RAC) was developed to 
estimate the environment risk of heavy metals by 
applying a scale to the percentage of metals presented in 
the acid soluble/exchangeable fraction (F1) [16]. RAC 
grades the risk into five risk classes. There is no risk 
when the proportion of metals in F1 is lower than 1% 
(NR), low risk for a range of 1%−10% (LR), medium 
risk for a range of 11%−30% (MR), high risk from 31% 
to 50% (HR) and very high risk for higher F1 
percentages (VHR) [9,26,43]. 
 
2.4 Statistical analysis 

Statistical analyses were performed by SPSS v18.0. 
The most common PCA type, producing more 
interpretable components, is varimax rotation, which has 
been applied in the current work. Hierarchical CA (HCA), 
as the most commonly applied CA method for 
environmental analysis, looks for groups of samples 
according to their similarities. In clustering, the objects 
are grouped so that ‘similar’ objects fall into the same 
class. HCA was performed by the Ward’s method and the 
Euclidean distances for similarities in the variables/ 
samples were calculated [10,18]. 
 
3 Results and discussion 
 
3.1 Physicochemical analysis 

Table 2 lists the physicochemical characteristics of 
sewage sludges. All sewage sludge samples show acidity 
with pH values of 5.70−6.64. The content of organic 
matters ranged from 20.75% to 53.09%. The electrical 
conductivity of sludge varied from 1400 to 3200 μs/cm. 
The contents of TP and TK in the sludge were distributed 
in the range of 3.606−4.806 and 1.146−4.449 g/kg, 

respectively. There was obvious difference in the caloric 
values of different sludges, varying from 3.97 to    
11.68 MJ/kg. Major elements contributing to the caloric 
value are carbon, hydrogen and oxygen. It is clearly 
shown in Table 2 that those sludges, containing higher 
contents of carbon and hydrogen, usually had higher 
caloric values. The caloric values of sludges also 
presented an obviously positive correlation with organic 
matter content. LIANG et al [18] reported that the caloric 
values had a negative correlation with volatile 
components when volatile components were below 30%, 
while it had a positive correlation with volatile 
components when volatile components were above 37%. 

 
3.2 Total concentrations of heavy metals 

The total contents of Cu, Pb, Zn, Cd, Cr and Ni in 
the four sludge samples and the corresponding discharge 
standards are presented in Table 3. The results showed a 
wide range of heavy metal contents in the sewage sludge. 
The sewage sludge obtained from QSH contained the 
highest content of heavy metals except Pb, followed by 
XH, CY and HGT, which can be ascribed to the different 
treatment processes of sewage sludge. In QSH, anaerobic 
digestion of sewage sludge was carried out before the 
dehydration process. FUENTES et al [27] also reported 
that the anaerobic sludge and digested sludge usually had 
higher contents of heavy metals. The total contents of Cu, 
Pb, Zn and Cr in the four sewage sludge samples fell 
within the threshold values. However, the contents of Cd 
in the four sewage sludge samples all exceeded the 
threshold values for acidic soil, but still in the 
neutral/basic soil control range [44]. In addition, except 
HGT, the sewage sludges produced in the other three 
wastewater treatment plants all contained undesirably 
high contents of Ni, especially for QSH. The content of 
Ni in the sludge obtained from QSH reached up to 
(2180.13±169.38) mg/kg, nearly ten times higher than 
the threshold value of Ni in sewage sludge (200 mg/kg, 
for neutral/basic soil). Therefore, the sewage sludge 
produced in these four wastewater treatment plants 
cannot be directly applied in agriculture. In consideration 
of the accumulation effects of heavy metals, necessary 
pretreatment measures should be adopted to immobilize  

 
Table 2 Physicochemical characteristics of sewage sludges 

Sample 

Proximate analysis result 

(mass fraction)a/% pH 
ECb/ 

(μs·cm−1)

TP/ 

(g·kg−1)

TK/

(g·kg−1)

HHV/ 

(MJ·kg−1)

Elemental analysis results 

(mass fraction)a/% 

Organic matters Ash Carbon Hydrogen Nitrogen Sulfur Oxygenc

HGT 20.75 79.25 6.01 1400 3.61 4.45 3.97 8.90 1.68 1.66 0.40 8.11 

QSH 50.89 49.11 5.70 3200 4.57 1.68 11.60 25.98 3.88 4.52 1.04 15.47

XH 38.10 61.90 6.64 1820 4.39 1.15 8.22 18.18 3.06 3.23 0.65 12.98

CY 53.09 46.91 6.55 2600 4.81 2.23 11.68 26.40 4.06 4.69 0.73 17.21
a On a dry condition; b Determined at 25 °C; c w(Oxygen)=1−w(Ash + Carbon + Hydrogen + Nitrogen + Sulfur) 
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Table 3 Total contents of heavy metals in sewage sludge samples 

Sample 
Content of heavy metals/(mg·kg−1) 

Cu Pb Zn Cd Ni Cr 

HGT 62.75±1.00 86.25±4.50 290.38±0.13 10.00±0.50 98.63±1.88 62.5±12.50 

QSH 796.63±57.38 118.38±4.63 831.00±56.00 15.13±0.88 2180.13±169.38 212.5±12.50

XH 538.25±29.50 136.75±9.30 769.00±26.00 12.13±0.63 353.75 125.00 

CY 136.25±1.50 111.63±6.90 547.38±16.63 9.63±0.63 139.25±9.75 50.00 

Mean 383.47 113.19 609.44 11.72 692.94 112.50 

For acidic soil 

(pH<6.5) a 800 300 2000 5 100 600 

For neutral/basic 

soil (pH≥6.5) a 1500 1000 3000 20 200 1000 

a Threshold values [44] 

 
the bioavailability of heavy metals, especially for Cd and 
Ni. 
 

3.3 Chemical speciation of heavy metals 
It is widely accepted that the bioavailability and 

eco-toxicity of heavy metals in the environment mainly 
depend on their chemical speciation. The detailed 
relations among the chemical speciation, eco-toxicity and 
bioavailability of heavy metals have been established in 
recent years [3,8,45]. The acid soluble/exchangeable 
fraction (F1) and reducible fraction (F2) belong to the 
direct effect fractions, having direct eco-toxicity and high 
bioavailability to the environment. The organic fraction 
(F3) is identified as the potential effect fraction. The 
potential toxicity of F3 should not be ignored. The 
residual fraction is recognized as a stable fraction and 
has no eco-toxicity to the environment. 

The chemical speciation of Cu, Zn, Pb, Cd, Cr and 
Ni represented as the percentage of total content is 
shown in Fig. 1. The statistical results of each fraction of 
heavy metals in the four sewage sludge samples      
are listed in Table 4. The distribution of the metal 
fractions varied widely by sludge source, with a few 
similarities. 

Cu was predominantly present in F3 and F4, 
accounting for 75.42%−88.53%. The percentage of Cu 
bound to F3 was up to 76.76%, 64.54% and 69.96% for 
the QSH, XH and CY, respectively. Thus, Cu from the 
above three plants had a higher potential eco-toxicity and 
bioavailability to the environment. The copper 
complexes with organic matters have high stability and 
hence, Cu is preferentially bound to the organic fraction 
(F3) [10,46]. In addition, it is also noted that 
11.48%−24.58% of Cu was associated with the direct 
effect fractions (F1 and F2). 

Pb is usually preferentially bound to the residue 
fraction (F4) [47]. Similar results were also observed in 
this work. Pb was primarily present in F4, accounting for 
61.49%−69.50%. However, the content of Pb in the 

direct fractions (F1 and F2) was up to 17.08%−22.51%. 
Hence, the eco-toxicity of Pb to environment should not 
be taken lightly. 

Zn showed the greatest bioavailability in all heavy 
metals, which had the highest direct toxicity to the 
environment. It is primarily present in F1 and F2, 
accounting for 59.57%−79.12%. 

Cd presented nearly uniform distribution into four 
fractions in each sewage sludge sample. The percentages 
of Cd present in F1 and F2 were 48.90%−60.52%, 
indicating that Cd had a high direct eco-toxicity and 
bioavailability despite its low content in the sewage 
sludge (Tables 3 and 4). 

Cr was just distributed in F3 and F4 fractions. For 
HGT and CY, Cr uniquely existed in residual fraction  
(F4) and thus had no toxicity to the environment. But for 
QSH and XH, the percentages of Cr present in the 
oxidizable fraction (F3) were 64.86% and 44.44%, 
respectively, revealing that Cr had a high potential 
bioavailability to the environment. 

Ni is a potentially mobile and water-soluble element 
and is usually distributed in F1 and F2 [18]. Except for 
HGT, Ni in the other three wastewater treatment plants 
was found abundant in all four fractions. The direct 
effect fractions (F1+F2) of Ni accounted for 70.34%, 
45.85% and 34.67% in QSH, XH and CY, respectively, 
showing high bioavailability to environment. However, 
Ni was only present in F3 and F4 for the HGT sample and 
the percentage of F4 peaked at 86.95%. 

A check on the results of BCR sequential extraction 
procedure was performed by comparing the sum of the 
four fractions (Table 4) with the total contents of heavy 
metals from HNO3, HClO4 and H2O2 digestion procedure 
(Table 3). The detailed calculations are expressed as 
 

1 2 3 4
1

T

100%
F F F F

R
C

  
                     (4) 

 
where R1 is the recovery rate of heavy metals (%); 

CT is the total content of heavy metals (mg/kg); F1, F2, 
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Fig. 1 Chemical speciation of heavy metals in HGT (a), QSH (b), XH (c) and CY (d) 

 

Table 4 Statistical results of each fraction of heavy metals in sewage sludge samples 

Sample Speciation 
Content of heavy metals/(mg·kg−1) 

Cu Zn Pb Cd Cr Ni 

HGT 

F1 7.60±0.40 a 91.55±3.85 11.55±0.95 2.45±0.05 − b − 

F2 5.60±0.40 37.75±1.55 12.50 2.00 − − 

F3 15.80±1.40 17.50±1.20 17.1±0.90 2.20 − 11.40±0.50 

F4 24.70±0.80 70.25±2.65 65.70 2.45±0.15 53.00±3.00 75.95±4.45 

QSH 

F1 53.90±3.20 398.65±3.85 12.50 3.95±0.15 − 1180.30±6.70 

F2 68.45±3.75 277.75±5.85 11.55±0.95 4.25±0.15 − 465.40±18.60 

F3 630.75±13.35 120.75±6.45 18.9±0.9 3.05±0.05 120 540.65±4.45 

F4 68.65±2.75 57.85±1.25 97.85±6.45 4.700±0.30 65.00±5.00 153.20±12.10 

XH 

F1 64.90±0.20 294.65±5.65 13.1±1.2 2.95±0.25 − 100.55±3.75 

F2 48.20±2.90 215.55±1.35 13.4±0.9 3.55±0.35 − 35.50±3.20 

F3 339.40±7.40 77.85±6.85 20.45±1.25 2.60±0.20 40.00 69.80±1.70 

F4 73.40±5.60 61.15±0.45 104.25±3.65 2.40±0.20 50.00 90.85±4.45 

CY 

F1 6.80 221.45±0.65 12.50 2.65±0.15 − 15.40±1.00 

F2 7.60±0.40 187.40±4.10 15.25±0.95 3.10±0.10 − 20.15±0.75 

F3 87.80±2.40 75.90±6.10 18.9±0.9 2.05±0.05 − 9.65±0.75 

F4 23.30±1.00 53.05±4.05 89.6±5.5 1.70±0.20 43.50±2.50 57.35±2.25 
a Results are expressed as mean ± standard deviations; b Below detection limits 
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F3, F4 are contents of heavy metals extracted in each 
fraction. 

The corresponding results are shown in Fig. 2. It 
can be seen clearly that the sum of the four fractions was 
in good agreement with the total content of heavy metals 
with satisfactory recoveries (72.00%−123.88%), similar 
to those recorded by other researchers using the same 
procedure [18,46]. It was indicated that this modified 
BCR sequential extraction method used for detecting the 
chemical speciation of Cu, Zn, Pb, Cd, Cr and Ni in 
sewage sludge was exact and reliable. 
 

 
Fig. 2 Recovery rate of heavy metals in four sewage sludge 

samples 

 

3.4 Leachable contents of heavy metals 
The leachable contents of heavy metals in sewage 

sludges are given in Table 5. In general, the sewage 
sludges (QSH and XH) contained higher leachable 
contents of heavy metals than those in HGT and CY. Cr 
was not detected in the leaching solution of four kinds of 
sewage sludges. The leachable contents of Zn, Pb and Cd 
all exceeded the corresponding threshold values, 
especially for Zn. The standard-exceeding multiples of 
Zn were about 13, 43, 34 and 26 for HGT, QSH, XH and 
CY, respectively. The leachable contents of Ni in HGT 
were under the threshold value, while those in QSH, XH 
and CY were all higher than the threshold value, 
especially for QSH, exceeding the standard value by 
approximate 173 fold. The amount of leached Cu in the 

four sewage sludge samples ranged from 3.9 mg/kg to 
42.1 mg/kg. 

The leaching rate (R2) of heavy metals was 
proposed as one indicator for investigating the 
proportions of heavy metals bound to the leachable 
fraction. R2 is defined as the ratio of the leachable 
content of individual heavy metal to the total content of 
each heavy metal: 
 

L,
2

T,

100%i

i

C
R

C
                               (5) 

 
where i is one kind of heavy metal; CL,i is the leachable 
content of heavy metals (mg/kg) (Table 5); CT,i is the 
total content of heavy metals (mg/kg) (Table 3). 

Figure 3 depicts the leaching rate of heavy metals in 
the four kinds of sewage sludge samples. On the whole, 
the leaching rate of Zn, Ni and Cd is higher than that of 
Cu and Pb. The leaching rate of Zn was approximately 
25% and for Cd, about 15%. The leaching rate of Ni in 
QSH was up to 39.95%, while it was only 3.62% for 
HGT. As regards to Cu and Pb, the leaching rates were 
all below 10%. 

 
3.5 Contamination degree and risk of heavy metals 

Geo-accumulation method (Igeo) was used to 
evaluate the contamination degree of heavy metals in 
sewage sludge. The Igeo values are presented in Table 6. 
All Igeo values for heavy metals in any sewage sludge 
sample were in the increasing order of (Cr, Pb) <    
(Cu, Zn) < (Ni, Cd). The Igeo values for Cr and Pb in the 
four kinds of sewage sludge samples were below 2.0. 
This indicates that the pollution levels of Cr and Pb in 
sewage sludge were below moderately contaminated 
grade. The pollution degrees of Cu and Zn in different 
sewage sludge samples ranked in the following order: 
HGT  (MC) < CY (MHC) < XH (HC-HEC) < QSH 
(HC-HEC). Ni moderately-to-heavily contaminated HGT 
and CY sewage sludges, and the XH and QSH sewage 
sludges were heavily and extremely polluted by Ni,  
respectively. Every sewage sludge sample was extremely 
contaminated by Cd. 

The assessment results of heavy metals’ ecological 
risk in sewage sludges are also listed in Table 6. It was 

 
Table 5 Leachable contents of heavy metals based on TCLP test 

Sample 
Content of heavy metals/(mg·kg−1) 

Cu Zn Pb Cd Cr Ni 

HGT 4.80±0.40 a 73.68±1.08 5.30 1.30±0.05 − b 3.50±0.20 

QSH 28.85±0.30 222.73±0.63 6.25 2.05±0.13 − 870.90±2.60 

XH 42.10±0.20 176.08±1.13 6.08±0.18 1.53±0.13 − 77.43±3.70 

CY 3.90±0.10 138.75 6.25 1.40 − 16.30±1.60 

Threshold value c − d 5.0 5.0 1.0 5.0 5.0 
a Results are expressed as mean ± standard deviations; b Below detection limits; c From Ref. [34]; d Not enlisted 
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Fig. 3 Leaching rate of heavy metals in four kinds of sewage 

sludge samples 
 
found that the risk indices ( r

iE ) of heavy metals ranked 
in the following order: Cr < Zn < Pb < (Cu, Ni) < Cd. 

r
iE  values for Cr, Zn and Pb in all sewage sludges were 

below 40, suggesting low risk. The monomial ecological 
risk values of Cd in sewage sludges reached up to 
4150.86−6521.55. That was to say, Cd posed a very high 
risk to the local ecosystem, which should be given rise to 
wide-spread concerns. The ecological risk of Cu and Ni 
in different sewage sludge samples varied in the order of 
QSH (HR-VHR) > XH (CR) > CY (LR-MR) > HGT 
(LR). The RI values of heavy metals in sewage sludges 
were as high as 4263.34−7480.26, corresponding to very 

high risk. In other words, the security of the ecological 
environment will be seriously threatened if theses 
sewage sludges are directly discharged to the 
environments without any pretreatments. In addition, the 
high ecological risk of sewage sludge was primarily 
dominated by Cd. 

The results of the environment risk assessment 
according to RAC are also given in Table 6. The 
environment risk values of Cr in sewage sludges were all 
less than 1, reflecting no risk to the environments. Zn, 
with higher percentages in acid soluble/exchangeable 
fraction (F1, 41.18%−46.63%), came under high risk 
category. And Cd posed medium risk to the environments. 
The environment risk of Ni in different sewage sludge 
samples followed the order of QSH (VHR) > XH (HR) > 
CY (MR) > HGT (NR). Cu and Pb in QSH and CY had 
low risk, while medium risk was suggested for Cu and 
Pb in HGT and XH. 

It is noteworthy that the determination of the 
contamination degree/risk of one heavy metal should be 
based on the comprehensive results of three assessment 
methods mentioned above. In this way, more accurate 
evaluation results can be gotten. Igeo method mainly 
focuses on the accumulation levels of individual metal. 
Potential ecological risk index not only involves the total 
content of one heavy metal but also its toxic response 
factor. RAC only considers the percentage of a given 
metal bound to F1 but overlooks the effect of metal type 
(different toxicity) and its total content [16,41]. 

 
Table 6 Assessment results of heavy metal pollution degree and risk in sewage sludge 

Sample Item Cu Zn Pb Cd Cr Ni 

HGT 

Igeo
 a 1.24 (MC) 1.6 (MC) 0.95 (UMC) 6.58 (EC) 0.08 (UMC) 2.06 (MHC) 

RAC 14.15 (MR) 42.18 (HR) 10.81 (MR) 26.92 (MR) <1 (NR) <1 (NR) 

r
iE b 17.73 (LR) 4.56 (LR) 14.52 (LR) 4310.34 (VHR) 3.17 (LR) 31.21 (LR) 

R c 4381.53 (VHR) 

QSH 

Igeo 4.91 (HEC) 3.12 (HC) 1.41 (MC) 7.18 (EC) 1.85 (MC) 6.52 (EC) 

RAC 6.56 (LR) 46.63 (HR) 8.88 (LR) 24.76 (MR) <1 (NR) 50.45 (VHR) 

r
iE  225.04 (HR) 13.05 (LR) 19.93 (LR) 6521.55 (VHR) 10.79 (LR) 689.91 (VHR) 

R 7480.26 (VHR) 

XH 

Igeo 4.34 (HEC) 3.01 (HC) 1.62 (MC) 6.86 (EC) 1.08 (MC) 3.90 (HC) 

RAC 12.34 (MR) 45.39 (HR) 8.66 (LR) 25.65 (MR) <1 (NR) 33.89 (HR) 

r
iE  152.05 (CR) 12.07 (LR) 23.02 (LR) 5228.45 (VHR) 6.35 (LR) 111.95 (CR) 

R 5533.88 (VHR) 

CY 

Igeo 2.36 (MHC) 2.52 (MHC) 1.33 (MC) 6.53 (EC) <0 (UC) 2.55 (MHC) 

RAC 5.42 (LR) 41.18 (HR) 9.17 (LR) 27.89 (MR) <1 (NR) 15.02 (MR) 

r
iE  38.49 (LR) 8.59 (LR) 18.79 (LR) 4150.86 (VHR) 2.54 (LR) 44.07 (MR) 

R 4263.34 (VHR) 
a Igeo≤0 (UC, uncontaminated), 0<Igeo<1 (UMC, uncontaminated to moderately contaminated), 1<Igeo<2 (MC, moderately contaminated), 2<Igeo<3 (MHC, 
moderately to heavily contaminated), 3<Igeo<4 (HC, heavily contaminated), 4<Igeo<5 (HEC, heavily to extremely contaminated), 5<Igeo (EC, extremely 
contaminated); b 

r
iE <40 (LR, low risk), 40≤

r
iE <80 (MR, moderate risk), 80 ≤

r
iE <160 (CR, considerable risk), 160≤

r
iE <320 (HR, high risk), 

r
iE ≥320 (VHR, 

very high risk); c R<150 (LR, low risk), 150≤R < 300 (MR, moderate risk), 300≤R<600 (CR, considerable risk), R≥600 (VHR, very high risk) 
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3.6 Multivariate analysis 
3.6.1 Cluster analysis 

Figure 4 depicts the dendrogram of the cluster 
analysis based on the total content of six heavy metals 
and several physicochemical parameters (pH, EC, TP, 
TK, OM and TN). The distance axis represented the 
degree of association between groups of variables, i.e. 
the lower the value on the axis is, the more significant 
the association is. Elements belonging to the same cluster 
had strong correlations among themselves and may 
originate from a common source. 
 

 
Fig. 4 Dendrogram of cluster analysis for four kinds of sewage 

sludge samples 

 
The dendrogram was divided into two main clusters. 

Cluster I contained HGT, XH and CY. QSH was more 
specialized than the other sewage sludge samples. So, it 
belonged to Cluster II. The sewage sludge produced from 

QSH contained higher contents of heavy metals. The 
significance of these results revealed that the sewage 
sludge from HGT, XH and CY can be processed together 
under some circumstance. However, for the sewage 
sludge from QSH, extra processing should be considered, 
or handled individually. 
3.6.2 Principal component analysis 

The results of PCA for six heavy metals are reported 
in Tables 7 and 8. Three principal components were 
obtained, accounting for 89.27% of the total variance: 
components 1, 2, and 3 accounted for 39.19%, 33.02%, 
and 17.06%, respectively. The principal component (PC1) 
was highly loaded by Zn, Cd and Ni. An association 
between Zn, Cd and Ni was found due to the high 
mobility of these elements in the first two fractions (F1 
and F2, except for Ni in HGT). The negative loading of 
Cu, Pb and Cr in PC1 suggested an antagonistic effect 
with respect to Zn, Cd and Ni. The second principal 
component (PC2) was loaded by Cu and Cr. It could be 
proven that there existed an association between Cu and 
Cr, which were mainly associated with the oxidizable 
fraction (F3) and residual fraction (F4) of the sludge. 
Principal component (PC3) was dominated by Pb, which 
is mainly distributed as stable forms in residual fraction 
(F4) and had low eco-toxicity and bioavailability. On the 
whole, it is considered that a PCA using three principal 
components is suitable for examining the data set of the 
sludge samples. PC1 included Zn, Cd and Ni, PC2 
included Cu and Cr, and PC3 corresponded completely 
with Pb (Fig. 5). The results were in agreement with the 
finding of the chemical speciation distribution of heavy 
metals in Section 3.3. 

 
Table 7 Total variance for sewage sludges 

Component 
Initial eigenvalue Extraction (rotation) sum of squared loadings 

Total Percent of variance/% Cumulative value/% Total Percent of variance/% Cumulative value/%

1 2.35 39.19 39.19 2.35 (2.12) 39.19 (35.28) 39.19 (35.28) 

2 1.98 33.02 72.21 1.98 (1.77) 33.02 (29.56) 72.21 (64.84) 

3 1.02 17.06 89.27 1.02 (1.47) 17.06 (24.44) 89.27 (89.27) 

4 0.43 7.15 96.43    

5 0.18 2.94 99.37    

6 0.04 0.63 100.00    

 
Table 8 Component matrixes (three principal components selected) for sewage sludges 

Element 
Component matrix Rotated component matrix 

PC1 PC2 PC3 PC1 PC2 PC3 

Cu −0.021 0.824 −0.543 0.071 0.976 −0.133 

Pb −0.568 0.335 0.723 −0.095 0.032 0.973 

Zn 0.938 −0.043 0.053 0.807 −0.205 −0.438 

Cd 0.673 0.356 0.444 0.869 −0.005 0.144 

Cr −0.382 0.911 0.015 0.003 0.840 0.519 

Ni 0.741 0.482 0.076 0.834 0.269 −0.138  
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Fig. 5 3D plot of principal component analysis corresponding 

to metal fractions 

 
4 Conclusions 
 

1) The sewage sludges obtained from QSH and CY 
contained higher amounts of organic matters, resulting in 
higher caloric values. Total contents of heavy metals 
(except Pb) in sewage sludge produced from QSH were 
higher than those in the other three sewage sludges (HGT, 
XH and CY). The total contents of Cd and Ni exceeded 
the corresponding limited values. 

2) Zn, Cd and Ni showed higher bioavailability. The 
leaching contents of heavy metals almost exceeded the 
corresponding threshold values. The overall potential 
ecological risk of heavy metals in sewage sludge lay in a 
high level. Comparatively speaking, Cd was likely to 
result in more harmful effects. 

3) On the whole, the four sewage sludges cannot be 
directly used in agriculture. Necessary measures must be 
performed to control the heavy metal pollution during 
the resource utilization of sewage sludge. 
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摘  要：对南昌市红谷滩、朝阳、青山湖和象湖 4 个主要污水处理厂污泥中重金属的污染危害进行探讨。依据污

泥样品中重金属的总含量、化学形态和可浸出量，对污泥中 Cu、Pb、Zn、Cd、Cr 和 Ni 6 种重金属的污染特性和

环境风险进行评估。研究结果表明，除了重金属 Pb，青山湖污水厂污泥中重金属的总量高于其他 3 个污水厂污泥

(红谷滩、朝阳和象湖)。大部分污水厂污泥中重金属 Cd 和 Ni 总含量超过了相应的标准。重金属 Cu、Cr 和 Pb 主

要以潜在影响和稳定态的形式存在，而重金属 Zn 和 Ni 则具有较高的活性，重金属 Cd 的化学形态分布较为均衡。

重金属的可浸出量几乎都超过相应的标准值，尤其是重金属 Zn 和 Ni。污泥中重金属的潜在生态风险指数高达

4263.34~7480.26，也即，重金属的生态风险处于“非常高”的水平。另外，污泥中重金属 Cd 的污染占主要地位。 

关键词：污泥；重金属；污染程度；环境风险 
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