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ABSTRACT
To evaluate the contaminated conditions of benzo[a]pyrene (B[a]P) and phenanthrene (PA) in sludge and to ascertain

whether B[a]P limit for land application of sludge exists, the contents of B[a]P and PA in 46 sludge samples from 15 cities

in the Yangtze River Delta area of China were determined using high performance liquid chromatography (HPLC) coupled

with a fluorescence detector after ultrasonic extraction and silica gel cleanup. B[a]P contents ranged from non-detectable

to 1.693 mg kg−1 dry weight (DW), averaged 0.402 mg kg−1 DW, and were < 1.0 mg kg−1 DW in most of the sludge

samples. PA was found in all the sludge samples analyzed; its contents ranged between 0.028 and 1.355 mg kg−1 DW, with

an average value of 0.298 mg kg−1 DW. Most of the sludge samples contained < 0.5 mg kg−1 DW PA. All 46 municipal

sludge samples analyzed in this study showed B[a]P contents < 3.0 mg kg−1 DW, which is the limit value for sludge

applied to agricultural lands in China. The contents and distributions of B[a]P and PA in municipal sludge were related

to sludge types, sources and treatment technologies, along with the physical and chemical properties of these pollutants.
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Municipal sewage sludge is the residual material after wastewater cleanup in wastewater treatment
plants (WWTPs), generally after primary and secondary treatment processes. It is an unwanted and
inevitable byproduct of WWTPs. Domestic and industrial wastewater catchments receive organic pollu-
tants from different sources: human excretion products, household disposals, fossil fuel spillages, storm
water runoff from highways, cleaning compounds, lubricants, and urban runoff inputs that flush the or-
ganics deposited on the ground surface from vehicles or heating systems (Rogers, 1996). Sewage sludge
is a mixture of organic (> 300 organic compounds have been identified), inorganic, and microbiological
pollutants and pathogens (Pestrasek et al., 1983; Jocobs et al., 1987; Webber and Lesage, 1989; Wild
et al., 1990; Wild and Jones, 1992; Feliciano, 1993; Duarte-Davidson and Jones, 1996; Mo et al., 2000,
2001; Qiao and Luo, 2001; Liao et al., 2003; Sun and Luo, 2005).

It is estimated that China is now producing more than 20 billion m3 of municipal wastewater per
annum, about 7% of which, i.e. 1.4 billion m3, is treated in sewage treatment plants, producing some
0.4 million ton (dry weight, DW) of sewage sludge. Furthermore, the municipal wastewater treatment
rate will increase to 40%–50% by 2010 according to the national planning in China, indicating a dra-
matic increase in sewage sludge production in China very soon (Department of Geological Environment,
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Ministry of Land and Resources, China, 2000).
The organic contaminants present in the sewage sludge have been studied in several countries for

many years (Jacobs et al., 1987; Crathorne et al., 1989; Webber and Lesage, 1989; Wang and Jones,
1994; Jones, 1996; Mo et al., 2000, 2001; Cai et al., 2003, 2004). Among the most frequent contaminants
found are aromatic hydrocarbons, organochloronated compounds, aliphatic hydrocarbons, amines, ni-
trosamines, phenols, esters, and phthalates. The origins of these pollutants are very diverse, ranging
from industrial processes (Junk and Ford, 1980; Gil, 1982; Kirton and Crisp, 1990) to urban activities
(Takada and Ishiwatari, 1990). However, little work has been done on this subject in China and only
few organic contaminants have been studied (Mo et al., 2000, 2001; Cai et al., 2003, 2004). It is therefore
necessary to characterize organic contaminants in sludge in China to assess their potential threat to the
environment.

Polycyclic aromatic hydrocarbons (PAHs) are a well-known group of toxic compounds. Due to their
carcinogenic activity, they have been included in the European Union (EU) and the Environmental
Protection Agency (EPA) priority pollutant lists. Benzo[a]pyrene (B[a]P), which is regarded as a car-
cinogenic representative of PAHs, as well as other PAH compounds such as phenanthrene (PA), which
has acute human toxicity, is released into the environment and accumulated in sludge mainly by the
combustion of coal, petroleum, wood and wastewater treatment (Hites et al., 1980; Grimer et al., 1983,
1985; Prhal et al., 1984). These compounds are known to be present in the atmosphere, water, sedi-
ments, tobacco smoke, food and sewage sludge. The presence of PAHs in environmental samples such
as water, sediments, and particulate air has been extensively studied but sewage sludge has received
less attention (Koester and Clement, 1993; Eisert and Levsen, 1996).

The management and the disposal of sewage sludge is an important issue in the Yangtze River Delta
area, the most industrialized region of China. Large amounts of industrial and domestic wastewater
containing high contents of various chemical pollutants will be treated and a great mass of contaminated
sludge should be generated in this region. Unjustified management of sludge with considerable organic
micropollutant contamination may lead to secondary contamination of the environment. The objective
of the present study was to determine the contents of the two typical representatives of PAHs (B[a]P
and PA) in 46 sewage sludge samples from WWTPs in 15 cities in the Yangtze River Delta area by high
performance liquid chromatography (HPLC).

MATERIALS AND METHODS

Reagents and samples

A mixed standard solution of B[a]P and PA at 2 μg mL−1 in dichloromethane purchased from Supelco
(Bellefonte, Pennsylvania, USA) as methylene chloride solutions was diluted with dichloromethane to
prepare a series of standard solutions at 5, 10, 20, 50, and 100 ng mL−1 of B[a]P and PA. HPLC
grade hexane, dichloromethane, acetonitrile, and cyclohexane were supplied by the Tedia Company
Inc. (Fairfield, OH 45014, USA). Silica gel (100–200 mesh) was purchased from the Chinese Chemical
Reagent Company (Shanghai, China) and anhydrous sodium sulfate (AR grade) from the Nanjing
Chemical Reagent No. 1 Factory (Nanjing, China).

Sewage sludge samples (Table I) were collected from 46 sewage treatment plants purifying river
sewage, municipal sewage, or mixtures of industrial and domestic sewage in 15 cities (Zhejiang, Jiangsu,
and Shanghai) of the Yangtze River Delta area. They were stored in glass vessels at −20 ◦C, freeze-
dried, and homogenized prior to extraction. The glass vessels containing the sewage sludge samples
were stored in the dark and were firmly closed to avoid contamination or losses.

Sample pretreatment and analysis

The samples were pretreated by ultrasonic extraction and silica gel cleanup. Aliquots of homogenized
5 g sludge samples were ultrasonically extracted with 20 mL of dichloromethane for 2 h. The extracts
were concentrated to 1–3 mL in a rotary evaporator and reduced to near dryness under a nitrogen flow.
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Cyclohexane (2 mL) was then added to the raw extracts.
A glass column was packed with 1 g of silica gel and a top layer of anhydrous sodium sulphate.

The stationary phase was soaked with 20 mL of hexane for 15 min before use. A 0.5 mL raw extract of
cyclohexane solution phase was pipetted into the top of the silica gel column. The column was then eluted
using 5 mL of a mixture of hexane and dichloromethane (50:50, v/v). The first 1 mL of eluted liquid
was discarded and then the following 2 mL was collected in a 5-mL tube and further concentrated under
a gentle stream of nitrogen to dryness. Finally the extracts were introduced into 5 mL of acetonitrile in
the tube and then the tube was stored at −20 ◦C. Prior to analysis the tube was allowed to equilibrate
at ambient temperature.

A high performance liquid chromatography (HPLC, Shimadzu Corporation, Japan) was equipped
with an LC-10ATVP isocratic pump, a VP-ODS PAH column (Serial No. 9122504, 150 mm long × 4.6
mm inner diameter), and an FL2000 fluorescence detector. Water circulation through a thermostatically
controlled water bath was used to maintain the column temperature at 30 ◦C. An aliquot (40 μL) of the
acetonitrile solution phase was injected into the HPLC system and eluted with acetonitrile and water
(90:10, v/v) at a constant flow rate of 0.5 mL min−1. For detection and quantification, two excitation
(Ex) and emission (Em) wavelengths were used: Ex = 296 nm and Em = 404 nm for B[a]P and Ex
= 270 nm and Em = 350 nm for PA. Quantitative analyses of B[a]P and PA were performed using
external standard calibrations with a reference standard solution prepared by appropriate dilution. The
analytical method and condition of B[a]P and PA had been validated to have adequate exactness (15%–
30%), limit of detection (7–87 pg g−1 of all sludge samples) and recovery yields (from 60.42% for B[a]P
to 85.74% for PA).

RESULTS AND DISCUSSION

Benzo[a]pyrene

The B[a]P contents differed substantially among the sludge samples, ranging from non-detectable to
1.693 mg kg−1 DW and averaging 0.402 mg kg−1 DW (Fig. 1). Most of the sludge samples investigated
showed B[a]P contents < 1.0 mg kg−1 DW (Fig. 2) and all of them contained B[a]P < 3.0 mg kg−1 DW,
which is the limit value for sludge application to agricultural lands in China (Mo et al., 2001).

Fig. 1 Benzo[a]pyrene contents in 46 sludge samples studied.

According to the locations of the WWTPs, the sludge samples in this study were classified (Tables I
and II) into three groups: 1) Zhejiang sludge, 2) Jiangsu sludge, and 3) Shanghai sludge. B[a]P contents
in different groups also varied (Table II). Jiangsu sludge had the highest content of B[a]P but there were
no significant differences in average contents among the three geographical groups (P < 0.05).

B[a]P contents varied in the sludge samples from different WWTP influent sewage types (Table III).
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Fig. 2 Frequency distribution of benzo[a]pyrene contents in 46 sludge samples studied. ND = non-detectable.

TABLE II

Contents of benzo[a]pyrene (B[a]P) and phenanthrene (PA) in 46 sludge samples from different locations

Location No. of Minimum content Maximum content Average content

Samples
B[a]P PA B[a]P PA B[a]P PA

mg kg−1 DW

Zhejiang 16 0.02 0.10 0.95 0.86 0.32ab) 0.28a

Jiangsu 16 < LODa) 0.03 1.69 1.35 0.53a 0.38a

Shanghai 14 < LOD 0.04 1.15 0.90 0.48a 0.32a

a)Limit of detection; b)Average contents followed by the same letter within a column are not significantly different

(P < 0.05).

TABLE III

Contents of benzo[a]pyrene (B[a]P) and phenanthrene (PA) in 46 sludge samples from different wastewater treatment

plant (WWTP) influent sewage types

WWTP influent No. of Minimum content Maximum content Average content

sewage type samples
B[a]P PA B[a]P PA B[a]P PA

mg kg−1 DW

Domestic sewage 27 < LODa) 0.040 1.250 1.350 0.450cb) 0.320b

Mixed-flow sewage 9 0.010 0.070 1.690 0.480 0.420c 0.240a

Industrial sewage 9 < LOD 0.030 0.950 0.860 0.320b 0.280a

River sewage 1 – – – – 0.610d 0.340b

a)Limit of detection; b)Average contents followed by the same letter within a column are not significantly different

(P < 0.05).

The highest content of B[a]P was found in those from the mixed-flow sewage and the average contents
in those from the domestic and mixed-flow sewage were higher than those from the industrial sewage
(Table III). B[a]P contents in the sludge samples from a uniform type of sewage were also different. For
example, a minimum of 0.01 mg kg−1 DW and a maximum of 1.69 mg kg−1 DW of B[a]P were detected
in two sludge samples from the mixed-flow sewage.

Owing to the hydrophobic properties (fairly low water solubility and fairly high octanol-water parti-
tion coefficients), B[a]P was exclusively bound to the organic fraction and concentrated onto the organic-
rich particles during wastewater treatment (Nowell and Capel, 2003). In general, sludge samples from
the industrial sewage contained higher contents of B[a]P than those from the domestic sewage. For
example, the Ningbo pond sludge derived from ≥ 95% industrial wastewater (No. 7) and the Ningbo
dehydrated sludge (No. 6) and the Suzhou dehydrated sludge (No. 28) from 50% industrial wastewater
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all contained high detectable contents of B[a]P (0.6230–1.6925 mg kg−1 DW). However, contrasting
examples were also present as a result of many complex factors. For instance, B[a]P contents found in
the samples from the WWTPs with higher domestic sewage influent loadings such as Nos. 5, 18, 19, 20,
and 36 were higher than those of Nos. 8, 9, and 39 from the plants where the industrial sewage inputs
were at least as important as the domestic sewage sources. It therefore sometimes seemed that indus-
trial sources were not the main contributory sources of B[a]P to sludge. The most important factor was
the ratio of B[a]P in industrial and domestic wastewater in sludge. Many other factors such as sludge
treatment processes also affected the B[a]P content in sludge. In this study, the sludge samples from the
plants using the treatment technology of an oxidation ditch such as Nos. 6, 28, and 29 contained high
contents of B[a]P and some sludge samples from the plants using the technologies of activated sludge
and A2/O also contained higher contents of B[a]P (Fig. 1, Table I). However, reverse examples also
occurred, with B[a]P content in sludge affected by many synthetic and complex factors. Single factors
could not all-round explain the patterns of B[a]P in sludge.

Phenanthrene

The PA contents in the 46 sludge samples analyzed ranged from 0.028 to 1.355 mg kg−1 DW with
an average value of 0.298 mg kg−1 DW (Fig. 3). Most were lower than 0.5 mg kg−1 DW (Fig. 4). PA
contents in sludge from different locations and different sewage types are shown in Tables II and III. The
highest PA content tended to be in the Jiangsu sludge group but there were no significant differences
among the three sewage groups (Table II, P < 0.05). PA contents in sludge samples from different
sewage types were significantly different (Table III, P < 0.05), with the highest content in those from
the domestic sewage. However, there were no clear differences among the other sewage types.

Fig. 3 Phenanthrene contents in 46 sludge samples studied.

Fig. 4 Frequency distribution of phenanthrene contents in 46 sludge samples studied.
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As with B[a]P, PA also had fairly high octanol/water coefficient and was exclusively bound to the
organic fraction derived from sludge. In general, sludge samples from industrial sewage contained higher
contents of PA than those from domestic sewage. The Ningbo pond sludge derived from ≥ 95% industrial
wastewater (No. 7) and the Ningbo dehydrated sludge (No. 6) and Suzhou dehydrated sludge (No. 28)
from 50% industrial wastewater were all found to contain high detectable contents of PA (0.283, 0.295,
and 0.484 mg kg−1 DW). However, opposite trends were also found. For example, PA contents found in
the samples from the WWTPs with higher domestic sewage influent loadings, such as Nos. 5, 18, 19, 20,
and 36, were higher than those of Nos. 8, 21, and 39 from the plants where the industrial sewage inputs
were at least as important as domestic sewage inputs. Therefore, industrial sources were not always the
main contributors of PA to sludge. The most important factor was the ratio of PA in industrial and
domestic wastewater in sludge. Many other factors such as sludge treatment processes also affected the
PA content in sludge.

Most sludge samples from the plants using the technology of A2/O, such as Nos. 1, 5, 9, 15, 25,
33, 36, and 37, tended to contain higher contents of PA (Table I, Fig. 3). The PA contents in the
sludge samples from the plants using the technology of oxidation ditch, such as Nos. 6, 14, and 28, were
high, but those in sludge from the plants using the same treatment such as Plant 29 were low. Some
sludge samples from the plants using the technology of activated sludge, such as Nos. 16, 21, 30, and
40, contained lower contents of PA (Table I, Fig. 3). However, opposite trends were also found, with PA
contents in sludge affected by many synthetic and complex factors. Single factors could not correctly
explain the contents of PA in sludge.

Comparison of B[a]P and PA in sludge of this study with those detected elsewhere

From the results above, it can be seen that B[a]P and PA were found to be common micro-
contaminants in Chinese sewage sludge. Although information pertaining to contents of organic pol-
lutants in sewage sludge is limited both in terms of the number of surveys conducted and number of
samples analyzed, it is of value here to compare the results of the present survey with those of previous
studies carried out in China and elsewhere. In general, B[a]P contents in the sludge samples from the
Yangtze River Delta area were lower than those in the sludge samples in Canada (4.0–7.6 mg kg−1,
Webber and Lesage, 1989), Germany (0.1–15.0 mg kg−1, Jones et al., 1989), the USA (0.7–25.0 mg
kg−1, Naylor and Loehr, 1982), and Britain (0.2–2.0 mg kg−1, Wild and Jones, 1992), and similar to
those in Switzerland (non-detectable–1.4 mg kg−1, Frost et al., 1993). In most of the sludge samples
from this study, B[a]P contents were lower than those in sludge samples from the other Chinese cities
except Shenzhen (0.050 mg kg−1), Xi’an (0.063 mg kg−1), Lanzhou (0.049 mg kg−1), Dapu (0.007 mg
kg−1), and Shatian (0.033 mg kg−1) (Mo et al., 2001). PA contents in this study were lower than those
in sludge samples from other Chinese cities (0.040–6.592 mg kg−1, Mo et al., 2001) and other countries
(> 1.500 mg kg−1, Ahmad et al., 2004). The results of all these surveys appeared to be broadly com-
parable.

In a number of cases, the occurrence of some elevated contents of PAHs in sludge may be related to
known industrial users of certain compounds such as the timber industry, coal gas production and tar
plants in particular areas. Furthermore, there were a limited number of cases in which elevated content
of determinands occurred in sewage sludge sampled from sewage treatment works receiving principally
domestic sewage. It is possible that household disposals may have been responsible. No clear indica-
tions of a relationship between industrial effluent discharges to sewage treatment works and contents of
B[a]P or PA in the resultant sewage sludge were obtained from the correlation analyses carried out. It
appears, therefore, that a significant proportion of persistent organic PAH residues in raw sewage and
subsequently sewage sludge, may arise from domestic disposals and human excretion. Although no sta-
tistically significant differences were found between the contents of B[a]P and PA in sludge which had
undergone different types of treatment; i.e. sludge treatment was demonstrated to have no effect upon
persistent organic pollutant residues. It should be emphasized that the samples were grab samples of
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sludge and any potential differences in contents arising from treatment almost certainly would have
been obscured by confounding variables such as the spatial variation in residue contents. However, this
may be an important area of interest since it has been postulated recently that anaerobic processes
may be significant in the preliminary biotransformation of organic molecules prior to biodegradation
(Kobayashi and Rittmann, 1982). The possibility therefore exists for the potential amelioration of or-
ganic PAH residues in sewage sludge prior to disposal by means of anaerobic sludge digestion.

Given our results, it is apparent that contents of B[a]P and PA residues in Chinese sewage sludge
were generally lower than those detected elsewhere. The significance of these results, particularly the
mean values, is difficult to place in true perspective, owing to the lack of legislation or guidelines and
the paucity of toxicological information. However, where elevated contents of organic contaminants are
known to occur on a sporadic or regular basis in certain sewage sludge, it would be advantageous to em-
ploy disposal mechanisms which limit both the availability of residues to food chains and the potential
for further environmental contamination.

CONCLUSIONS

The contents of B[a]P and PA in 46 sludge samples derived from 15 cities in the Yangtze River Delta
area were as follows. B[a]P in the sludge tested ranged from < LOD to 1.693 mg kg−1 DW and averaged
0.402 mg kg−1 DW. Most of the sludge samples studied had B[a]P < 1.0 mg kg−1 DW. PA was found
in all sludge samples in this study and contents varied between 0.028 and 1.355 mg kg−1 DW, with an
average of 0.298 mg kg−1 DW. Most of the sludge samples had PA < 0.5 mg kg−1 DW. The contents
and distribution of B[a]P and PA in the municipal sludge were related to the wastewater sources and
treatment processes, sewage types and the physico-chemical properties of B[a]P and PA. The contents
of B[a]P and PA in sludge were affected by many synthetic and complex factors. Single factors could not
correctly, on an all-round basis, explain the contents of B[a]P and PA in sludge. The content of B[a]P
in all municipal sludge was < 3.0 mg kg−1, the limit value for sludge applied to agricultural land in
China. Thus, there is no B[a]P limit in sludge land application in China for the moment, but because of
the complexity and instability of sludge composition, their potential threat to the environment should
be taken into account in the near future.
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