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a b s t r a c t

The endocrine-disrupting chemicals (EDCs) was investigated in 28 riverine sediments from the Pearl
River system, China and analyzed by an ultrasonication extraction and GC–MS method. The concentra-
tions of 4-tert-octylphenol (OP), 4-nonylphenol (NP), and bisphenol A (BPA) in the sediments were in
the ranges of <2.0–210, 107–16198 and <1.7–430 ng/g dw, respectively. The steroid estrogens estrone
(E1) and 17b-estradiol (E2) in the sediments ranged from <1.3 to 10.9 ng/g dw and from <0.9 to 2.6 ng/
g dw, respectively. The spatial distribution of these chemicals was related to the discharge of domestic
and industrial wastewater along the rivers. The positive correlation between EDCs and total organic car-
bon indicates that sedimentary organic carbon is an important factor in controlling the distributions of
EDCs. Compared with other previous studies, the ZR and DR rivers from the PRD were heavily contami-
nated by APs and BPA.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The occurrence of endocrine-disrupting chemicals (EDCs) in
aquatic environments has become a globally growing problem of
concern in recent decade. EDCs consist of a wide range of natural
and man-made chemicals, most of which are released to natural
waters by anthropogenic activities and whose adverse effects on
normal reproductive functions of aquatic species have widely been
confirmed (Jobling et al., 1996; Routledge et al., 1998; Oehlmann,
2000; Irwin et al., 2001; Levy et al., 2004). For instance, widespread
estrogenic chemical input has been regarded as an important fac-
tor related to the decline of fish abundance in freshwater systems
(Jobling et al., 1998; Burkhardt-Holm et al., 2005; Kidd et al., 2007).
Among this group of chemicals, steroid estrogens (e.g. estrone,
17b-estradiol and 17a-ethynylestradiol) and phenolic xenoestro-
gens (e.g. alkylphenols and bisphenol A) deserve particular atten-
tion as the former possesses the highest estrogenicity and the
latter has moderately estrogenic potency and massive usage (Ying
et al., 2002).

Due to their hydrophobic nature, EDCs in the river water tend to
be associated with particulate matters that can be settled to bot-
tom sediments and accumulated continuously. Therefore the sedi-
ments act both as a long-term pollutant sink and reservoir, and as a
source of contaminants through re-suspension. They may also pose
All rights reserved.

: +86 20 85290706.
a potential environmental threat to aquatic organisms. Owing to
the importance of sediments on the transport, fate and bioavail-
ability of EDCs, investigations on the sediment contamination of
EDCs have been widely carried out (Naylor et al., 1992; Hale
et al., 2000; Isobe et al., 2001; Heemken et al., 2001; López de Alda
et al., 2002; Jonkers et al., 2003; Rice et al., 2003; Li et al., 2004a,b;
Patrolecco et al., 2004; Chen et al., 2006; Fu et al., 2007; Labadie
et al., 2007), and phenolic xenoestrogens with high levels were re-
ported worldwide. For example, the sedimentary concentrations of
nonylphenol and octylphenol were up to 72,000 ng/g and 1800 ng/
g dw, respectively, from Hamilton Harbor of the Great Lakes,
Canada, which was highly impacted by anthropogenic activities
(Bennie et al., 1997). Although estrogen-monitoring studies have
been conducted in more than 30 countries, limited studies on the
occurrence and distribution of EDCs, in particular, steroid estro-
gens, in riverine sediments were carried out in the developing
countries including China (Gong et al., 2009), which is growing
to be the world factory with the largest population in the world.

The Pearl River Delta (PRD) is one of the most economically
developed regions in China, covering an area of 41700 km2 with
a population of 42.3 million. It is subjected to the typical subtrop-
ical climate featured with mild temperatures and rich annual rain-
falls, facilitating the transport of contaminants to the aquatic
environments through waste discharge, surface runoff and aerial
fallout, etc. The limited studies indicated that the total suspended
particulate matter is 445 Tg/year for the Pearl River system, and
the transported particulate organic carbon is 2.93 Tg C/year and
0.30 Tg C/year in the West River and North River, respectively
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(Gao et al., 2002). Moreover, it is estimated that industrial and
domestic wastewaters amount to 5.8 � 109 and 2.8 � 109 tons,
respectively, annually in the PRD, but more than half of the waste-
waters are not treated effectively prior to discharge. In recent three
decades, the regional aquatic environment pollution is increasingly
serious with the heavily industrialized and urbanized develop-
ment. Furthermore, the local fishery resources declined unceas-
ingly, and biomass and biodiversity displayed a decreasing trend
in the past decade (Lin and Han, 2001). In the present investigation,
eight estrogenic EDCs, that is, natural steroid estrogens including
estrone (E1), 17b-estradiol (E2), and estriol (E3), synthetic steroid
estrogens including 17a-ethynylestradiol (EE2) and diethylstilbes-
trol (DES), and phenolic xenoestrogens encompassing 4-tert-octyl-
phenol (OP), 4-nonylphenol (NP) and bisphenol A (BPA) were
determined in the surface sediments of the rivers from the PRD
and the total organic carbon (TOC) contents were analyzed, aiming
to provide comprehensive sedimentary concentration levels of
estrogenic chemicals in rivers from the PRD, reveal their spatial
distribution, explore their interaction with organic carbon, and
briefly assess the present pollution status of EDCs by comparison
with previous studies around the world.
2. Materials and methods

2.1. Study area description and sample collection

The Pearl River system is the second largest river in China in
terms of annual discharge (3.49 � 1011 m3). It mainly comprises
four tributaries, namely, the Zhujiang River (ZR), Dongjiang River
(DR), Beijiang River (BR) and Xijiang River (XR), and merges into
the Pearl River Estuary (Fig. 1). ZR runs across metropolitan
Guangzhou, the biggest city in the south of China, which is highly
urbanized with a population of 14 million. DR flows through Dong-
guan city which is intensely industrialized and highly populated,
serving as the drinking water source of Dongguan, Shenzhen, and
Hong Kong. The two rivers drain into the Shizhiyang Waterway.
XR and BR lying in the southwest of the PRD run across less devel-
oped and dispersedly populated areas. 28 surface sediments (0–
20 cm) were collected from these four major streams (Fig. 1) in July
2006 and February 2007, respectively, using a stainless steel grab
sampler. The sediment samples were stored at �20 �C until further
analysis.
Fig. 1. The locations of sampling sites in the Pearl River Delta. Th
2.2. Chemicals

HPLC-grade acetonitrile (Merck), ethyl acetate (Sigma), redis-
tilled analytical grade solvents including methanol (MeOH),
dichloromethane (DCM), hexane and acetone, and redistilled
water were used for the analysis. Standards of 4-nonylphenol
(mixture of compounds with branched side chain) (94%), 4-tert-
octylphenol (93%), bisphenol A (BPA), estrone (E1), 17b-estradiol
(E2), estriol (E3), 17a-ethynylestradiol (EE2) and diethylstilbestrol
(DES) were purchased from Sigma–Aldrich (St. Lois, MO, USA). The
derivatization reagent N-methyl-N-(trimethylsilyl) trifluoroaceta-
mide (MSTFA) was also obtained from Sigma–Aldrich. Deuterated
bisphenol A (BPA-d16), estrone (E1-d4) and 17b-estradiol (E2-d2)
were purchased from Cambridge Isotope Laboratories (Andover,
MA, USA). Deuterated terphenyl (terphenyl-d14) and ENVI-18
SPE cartridges (300 mg, 3 mL) were obtained from Supelco (Belle-
fonte, PA, USA). Neutral silica gel (80–100 mesh) was Soxhlet ex-
tracted with DCM for 72 h, activated at 180 �C for 12 h and then
deactivated by adding 5% redistilled water (w/w). Glasswares
and anhydrous sodium sulfate were baked at 450 �C for 4 h prior
to use.
2.3. Extraction, cleanup and derivatization

The sediments were freeze-dried under �47 �C for 24 h, and
sieved through an 80-meshed stainless steel mesh. Five gram of
each sample was put into a 20-mL glass vial with PTFE screw cap
and spiked with BPA-d16, E1-d4 and E2-d2 as surrogate standards,
and activated copper was also added for desulfurization. The mix-
ture was blended and soaked in 10 mL of MeOH for 2 h in dark
prior to ultrasonication. The slurry of the sample was ultrasonicat-
ed for 5 min and then centrifuged at 2500 rpm for 5 min, and the
supernatant was collected. The extraction was repeated twice with
10 mL of MeOH and then twice with 10 mL acetone and the four
fractions were combined.

The sediment extracts were concentrated to about 1 mL using a
rotary evaporator and transferred to a glass column filled with 1 g
of anhydrous sodium sulfate and 1.5 g of silica gel pre-conditioned
with ethyl acetate/hexane (40:60). The analytes were eluted using
20 mL of ethyl acetate/hexane (40:60), evaporated to dryness by
rotary evaporation and a gentle nitrogen gas stream sequentially,
and re-dissolved in 1 mL of MeOH/acetone (1:1) and then mixed
with 100 mL of redistilled water. The mixture was passed through
an ENVI-18 SPE cartridge pre-conditioned with 5 mL of methanol
e arrows in the right graph indicate the water flow direction.
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and 5 mL of redistilled water sequentially at a flow rate of
8–10 mL/min. Subsequently, the analytes were eluted using 8 mL
of acetonitrile after the SPE catridge was dried under vacuum pres-
sure for 30 min. The eluate was dehydrated with anhydrous so-
dium sulfate and concentrated to 1 mL by rotary evaporation
prior to derivatization.

The sediment extracts and calibration standards were evapo-
rated to dryness under a gentle nitrogen gas stream, followed by
addition of 50 lL of ethyl acetate and 100 lL of MSTFA, and heated
in a water bath at 70 �C for 30 min and then cooled to room tem-
perature. After derivatization each of them was spiked with ter-
phenyl-d14 as the internal standard and adjusted to a final
volume of 200 lL with ethyl acetate for further instrument
analysis.
Table 1
EDCs concentrations in surface sediments from rivers in the Pearl River Delta.
2.4. Quantification

Separation and detection of EDCs was achieved by a Thermo
GC–MS system consisting of a TRACE GC ULTRA gas chromato-
graph, an AS 3000 autosampler, and a DSQ quadrupole mass spec-
trometer equipped with EI source. A DB-5 (J&W Scientific) fused
silica capillary column (30 m � 0.25 lm � 0.25 mm i.d.) was used
with helium as the carrier gas at a constant flow of 1 ml/min. The
injection port, transfer line, and ion source temperatures were set
at 250, 280, and 250 �C, respectively. The oven temperature was
held at 50 �C for 1 min, then programmed at 20 �C min�1 to
200 �C, at 3 �C min�1 to 280 �C, at 30 �C min�1 to 290 �C, and held
for 5 min. One microliter of the derivatized extract or standard
solution was injected in splitless mode and a selected ion moni-
toring mode (SIM) was employed after the solvent delay for
8 min. Limits of quantification (LOQ), estimated with the ratio of
signal to noise (S/N = 3), and quantification ion peaks (m/z) are
listed in Table S1.
Sampling site Concentration (ng/g dw)

OP NP BPA E1 E2
P

APsa TOCb (%)

Z1 35.6 4447 82.5 4.0 1.9 4483 2.3
Z2 32.7 4863 94.5 5.0 1.7 4896 3.5
Z3 27.2 3928 67.5 5.4 1.5 3955 3.6
Z4 56.9 7610 100.4 7.1 2.6 7667 4
Z5 39.5 5827 96.2 5.3 2.0 5867 3.6
Z6 19.1 2496 30.0 2.9 1.0 2515 1.6
Z7 11.2 2061 23.3 1.7 1.3 2072 1.7
Z8 40.8 6507 79.5 1.9 1.8 6548 2.1
Z9 14.4 3080 89.2 1.3 1.0 3094 1.9
Z10 12.6 2938 32.9 <LOQc ndd 2951 1.8
Z11 142.1 16198 274.9 10.9 3.8 16340 12.7
Z12 14.0 2635 65.1 2.5 1.2 2649 2.9
D1 30.8 7845 60.2 nd nd 7876 2.3
D2 210.1 5107 376.2 1.6 nd 5317 7.9
D3 17.0 1453 38.1 <LOQ <LOQ 1470 2.8
D4 3.2 289 14.3 <LOQ 0.9 292 1.6
D5 21.1 3168 44.2 nd nd 3189 1.9
D6 31.1 4190 92.9 nd nd 4221 2.4
D7 44.4 3786 283.9 <LOQ nd 3830 3.3
2.5. Qa/qc

Spiked blanks (eight EDCs standards spiked into solvents)
were analyzed and the average recoveries of OP, NP, BPA, DES,
E1, E2, EE2, and E3 were 85.6 ± 10.7%, 109.9 ± 5.6%,
125.8 ± 12.2%, 89.1 ± 3.3%, 98.1 ± 14.5%, 95.9 ± 7.6%, 90.3 ± 16.1%
and 97.0 ± 14.3%, respectively (n = 3). Furthermore, surrogate
standards BPA-d16, E1-d4 and E2-d2 were added to all the sedi-
ment samples to monitor procedural performance and matrix ef-
fects, and their recoveries were 101.5 ± 9.1%, 93.1 ± 12.3% and
115.7 ± 14.8%, respectively. Procedural blanks were analyzed
with the samples as well. OP was detected but the amounts were
under the LOQ, and NP and BAP are on average 20 and 2.0 ng g�1

dry weight, respectively in the blanks (n = 3), and other target
compounds were all not detectable. The reported data were
not corrected by the surrogate recoveries but were corrected
by the blank.
D8 16.8 3062 100.8 <LOQ <LOQ 3078 2.6
D9 103.1 6634 429.5 nd nd 6737 3.8
D10 16.4 2530 17.6 <LOD nd 2546 1.5
D11 9.3 1685 20.2 nd nd 1695 1.3
B1 2.5 216 2.1 nd <LOQ 219 0.4
B2 2.3 107 3.8 nd nd 110 1
B3 <LOQ 117 4.1 <LOQ 0.9 117 1
B4 2.7 205 27.6 <LOQ <LOQ 208 1.3
X1 2.5 118 <LOQ nd 1.0 120 1.4
Median 19.1 3071 65.1 3.5 1.4 3086
Mean 35.5 3682 94.5 4.1 1.6 3717

a Total of OP and NP.
b Total organic carbon.
c Limit of quantification.
d Not detected.
2.6. Analysis of organic carbon

The analytical methods for organic carbon in the sediment sam-
ples were documented elsewhere (Ran et al., 2002). In brief, about
5 g of the frozen-dried sediment sample was treated with 10% HCl
for 24 h to remove inorganic carbon, and then dried overnight at
105 �C. The organic carbon contents were determined on an ele-
mental analyzer (Vario EL III Elementar, Germany) with acetanilide
used as external standard. Sample duplicates were processed and
their mean values were reported with relative standard derivation
less than 1%.
3. Results and discussion

3.1. Composition and distribution of EDCs in sediments of rivers from
the PRD

Concentrations of selected EDCs in the surface sediments are
listed in Table 1. Alkylphenols (APs) i.e. OP and NP, and BPA were
detectable in all the samples, and the concentrations of OP, NP and
BPA ranged from <2.0 to 210 ng/g dw (dry weight), 107 to
16198 ng/g dw and <1.7 to 430 ng/g dw, with a median of 19.1,
3071 and 65.1 ng/g dw, respectively. The natural estrogens E1
and E2 were detected in 71.4% and 64.3% of the sediment samples,
respectively. E1 was determined at concentrations ranging from
<1.3 to 10.9 ng/g dw with a median of 3.5 ng/g dw, while E2 was
lower and in a range of <0.9–2.6 ng/g dw with a median of
1.4 ng/g dw. The other target chemicals including DES, EE2 and
E3 were not detectable. Obviously the concentration of NP was
1–3 orders of magnitude higher than that of other EDCs, and the
concentrations of OP and BPA were in the similar range that was
1 order of magnitude higher than those of E1 and E2. It was noted
that the sedimentary NP concentrations were 1–2 order magnitude
higher than those of OP (Table 1), consistent with other observa-
tions on riverine sediments in other countries (Bennie et al.,
1997; Snyder et al., 1999; Ferguson et al., 2001; Blackburn et al.,
1999; Tsuda et al., 2000; Isobe et al., 2001; Heemken et al.,
2001). This observation demonstrated that nonylphenol ethoxy-
lates (NPEOs), precursors of NP, dominated the usage of alkylphe-
nol ethoxylates (APEOs), precursors of APs, in the PRD areas. In
addition, a synchronous changing tendency was observed for OP
and NP (Fig. S1). Their parallel fluctuation patterns were probably
attributed to their similar physicochemical properties and sources.
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Fig. 2. Spatial distribution of EDCs in surface sediments from rivers of the Pearl River Delta.
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On the whole, high value ranges of APs in the world (see below dis-
cussion) were found in the surface sediments of the rivers from the
PRD, and the EDCs pollution was dominated by phenolic xenoes-
trogens including OP, NP and BPA, whilst natural estrogens E1
and E2 were at low levels.

The spatial distribution of the EDCs in the surface sediments of
the rivers from the PRD is shown in Fig. 2. The concentrations of
P

APs (total of OP and NP) was evidently higher in ZR (Z1–Z12)
(Fig. 1) than in the other rivers.

P
APs in ZR were in a range from

2072 to 16340 ng/g dw, in which the highest was found at Z11 of
the back channel (Z11–Z12), while the highest one in the front
channel (Z2–Z10) was found at Z4. On a whole,

P
APs varied indi-

stinctively from the upstream Z1 to the downstream Z10, except
for Z11 where the surface sediment could be polluted by point
sources nearby. Such pollution characteristic in ZR was similar to
that in Sumidagawa River, Japan (Isobe et al., 2001), with the high
concentrations of

P
APs in the riverine sediments attributed to

massive amount of wastewater discharge from the metropolitan
area. Similar spatial distribution was also observed for BPA in this
river, where its concentrations ranged between 23.2–274.9 ng/
g dw. The natural estrogens E1 and E2 were mainly found in ZR with
detectable percents of 100% and 91% in the sediments, respectively,
while they were rarely detected in the sediments of the other inves-
tigated rivers. The concentrations of E1 and E2 were in the range of
<1.3–10.9 ng/g dw and nd-3.8 ng/g dw, respectively, and both of
the two estrogens were primarily derived from the abusively dis-
charged raw sewages from hundreds of watercourses of Guangzhou
city (Peng et al., 2008). The distribution pattern of E1 was featured
with a first increasing (Z1–Z4) and then decreasing (Z4–Z9) trend
along the river, suggesting that there were new contaminant
sources near the midstream running across the central area of
Guangzhou city, while the pattern of E2 was analogous to those
of APs and BPA. Additionally the maximum of the both estrogens
were measured at Z11, while the minimum appeared at down-
stream Z10, far from downtown of Guangzhou, and the concentra-
tions of E1 and E2 in the sediments of the other rivers were in a
small variation. Interestingly, all of the maximum concentrations
of these EDCs were found at Z11, reaffirming the presence of con-
tamination sources near this site. Additional investigations found
that a spice factory and a pharmaceutical factory were situated near
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Z11 and a watercourse receiving sewage from residential districts
nearby joined ZR. Therefore, the untreated wastewater and sewage
discharged from these factories and residential areas can be respon-
sible for the high levels of EDCs in the sediment sample Z11.

The concentrations of
P

APs (292–7876 ng/g dw) in DR (D1–D9)
were slightly lower than that in ZR and much higher than those in
BJ (B1–B4) and XR (X1). There was an obvious trend for the

P
APs

concentrations increasing from the upstream to the downstream in
the north major stream (D4–D1). Apart from the local contamina-
tions, D1 was influenced by the effluent discharging from the local
sewage treatment plants of Guangzhou Development Zone located
at the north bank, leading to the maximum value of

P
APs in DR at

this site. Besides, the most APs-polluted site in the south branch
streams (D5–D11) was D9 situated in the middle between two
highly industrialized towns Zhongtang and Wangniudun, which
contributed considerable amounts of wastewater originated from
local hundreds of manufacturing and processing facilities. How-
ever,

P
APs concentrations varied indistinctively in the south

branch streams. This was probably related to horizontally mixing
of the river water with the ocean water by the tidal effect, as the
lower sites of these branches are near the river estuaries. BPA con-
centrations ranged from 14.3 to 429.5 ng/g dw in DR, and the min-
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Fig. 3. Correlations between EDCs concentrations
imum and maximum values were found at D4 and D9, respectively.
In general, BPA levels were relatively low in the upstream sites,
much higher in the midstream sites, and gradually decreased down
the stream toward the estuary. Such distribution feature could be
related to the industrial discharge in Dongguan, and the dilution
by the large amount of water from the Shizhiyang Waterway.
The E1 concentrations in most of the DR sediment samples were
lower than its LOQ or undetectable, while E2 was merely detected
in three of all the sediment samples.

The EDCs-contaminated level in BR and XR was the lowest with
P

APs and BPA ranging from 110 ng/g dw to 219 ng/g dw and from
1.7 ng/g dw to 27.6 ng/g dw, respectively, while the natural estro-
gens E1 and E2 were mostly under their LOQs or not detected. This
could be due to the fact that BR and XR mainly pass through the
rural areas of the PRD with low anthropogenic input, and both of
the two rivers have massive runoff volumes, which tend to dilute
the contaminant inputs along the rivers.

3.2. Correlations of EDCs with sedimentary organic carbon

Since the sedimentary organic carbon is an important factor in
the sorption of EDCs (John et al., 2000; Ferguson et al., 2001), the
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influence of the total organic carbon (TOC) on the distribution of
APs and other estrogens in our surface sediments was investigated
using linear regression analysis conducted by the software of Ori-
gin 8. It was found that OP, NP and E2 were significantly correlated
with TOC contents and their correlation coefficients (r) were 0.83,
0.82 and 0.90 (Fig. 3), respectively, suggesting that these chemicals
could be mainly associated with organic-rich sediments through
hydrophobic interaction, in virtue of their higher hydrophobicity
with a log Kow value of 4.12, 4.48 (Ahel and Giger, 1993), and
3.94 (Lai et al., 2000) for OP, NP and E2, respectively. However,
moderate correlations were yielded between BPA, E1, and TOC con-
tents (r = 0.69 and 0.68, respectively) (Fig. 3), which was probably
related to their smaller log Kow values of 3.32 (Staples et al., 1998)
and 3.94 (Lai et al., 2000) for BPA and E1, respectively. Besides,
other binding mechanisms to the sediment other than hydropho-
bic interaction with organic matters could be effective and respon-
sible. For example, compared with OP, NP and E2, BPA and E1 can
be associated with sedimentary minerals such as iron oxide by ion
exchange (Lai et al., 2000) due to their relatively higher polarity. In
addition, less significant correlations between BPA, E1 and TOC
contents suggested that the spatial distribution of BPA and E1
was not only controlled by the TOC contents of the sediments,
but also depended on other factors, such as the discharge amount
of the contaminants from local point-source sites, i.e., D2 and D9
for BPA.

To sum up, the positive correlation between EDCs and TOC indi-
cates that sedimentary organic carbon (SOC) is a key factor in con-
trolling the distributions of EDCs. The sorption of EDCs to the
sedimentary organic matters (SOM) plays a important role, which
is consistent with other studies (Jonkers et al., 2003; Lai et al.,
2000).
Table 2
Comparison of concentration ranges of EDCs in surface sediments around the world.

Location Concentration (ng/g dw)

OP NP

Rivers from the PRD, China <2.0–210 107–16198
Rivers from the PRD, China 1.0–93 110–7808
Jiaozhou Bay, China <0.7–3.6 3.6–299
Surrounding rivers of Jiaozhou Bay, China 1.6–146 23.8–3970
Lanzhou Reach of Yellow River, China 38.9–863
Wenyuhe river of Beijing, China 124.5–8157.9
Donghu Lake of Wuhan, China 5460–119100
Han River, Korea 25.4–932
Lake Shihwa, Korea 93–859
Ulsan Bay and its inland, Korea <1.0–120 <1.0–1040
Masam Bay, Korea 3.97–179 113–3890
Sumidagawa and Tamagawa river, Japan 3.0–670 30–13000
Tokyo Bay, Japan 6.0–10 120–640
Lake Teganuma, Japan 11.8–21000
Rivers, UK
Ouse river, UK
Nene and Lea river, UK
Tyne and Tees estuaries, UK 2–340 30–9050
Rivers and estuaries, UK <LODb–15000
Elbe River, Germany 21–86 367–997
Rivers, Germany
Baden–Wurttemberg rivers and streams, Germany <0.5–8 10–259
Rivers, Germany
Rivers, US <LOD–2960
Jamaica Bay, US nd–45 6.99–13700
Cuyahoga river, US 75–340
Rivers, Spain
Rivers, Spain 15–104 20–655
Rhine and Scheldt estuaries, Netherlands <LOD–1080
Great Lake and St. Lawrence rivers, Canada nd–1800 170–72000
TiberRiver, Italy 50–970

a Not detected.
b Limit of detection.
3.3. Comparison with other areas in the world

The concentrations of EDCs in the surface sediments of this
investigation were compared with those of other domestic and
overseas investigations, which are listed in Table 2. It was found
that the APs concentrations analyzed in the present work are gen-
erally higher than those documented in a previous study on the
PRD (Chen et al., 2006), indicating that the APs contamination in
the rivers from the PRD is still increasing during these years.
Except for the highly polluted sediments in the Donghu Lake of
Wuhan (Yang et al., 2005) where the NP concentration was up to
119100 ng/g dw, the river sediments from the PRD is the most
APs-contaminated sediments in China. The sedimentary APs levels
in the PRD are also much higher than those in Jiaozhou Bay and its
surrounding rivers (Fu et al., 2007) and Lanzhou Reach of Yellow
River (Xu et al., 2006), and slightly higher than those in Wenyu
river of Beijing (Lei et al., 2008). The BPA concentrations in the river
sediments in the PRD are similar to those of APs, and are signifi-
cantly higher than those of other aquatic sediments in China, ex-
cept for those of the Donghu Lake. For the steroid estrogens,
however, few data are available so far in the aquatic sediments
in China (Table 2).

In comparison with other overseas investigations, the sedimen-
tary concentrations of APs in this study fell in the high value ranges
of the world (Table 2). Apparently the pollution levels of APs in the
river sediments are higher in the PRD than in Korea, Germany,
Spain, and Netherlands, while they are close to the concentration
ranges in urban and industrial zones and their adjacent areas lo-
cated in Japan, US, UK, and Canada. The BPA concentration ranges
are also in the high value scope, and similar to those in Elbe River,
Germany (Heemken et al., 2001), and Tyne and Tees estuaries, UK
Reference

BPA E1 E2

<1.7–429.5 <1.3–10.9 <0.9–2.6 This study
Chen et al. (2006)

<0.7–20.3 Fu et al. (2007)
<2.4–27.3 Fu et al. (2007)

Xu et al. (2006)
0.6–59.6 Lei et al. (2008)
990–3420 Yang et al. (2005)

Li et al. (2004a,b)
Li et al. (2004a,b)

<1.0–53.5 Khim et al. (2001)
2.7–50.3 Khim et al. (1999)

Isobe et al. (2001)
0.05–3.6 nda–0.59 Isobe et al. (2001 and 2006)
<0.05–3.5 Mibu et al. (2004)

<3.4–9 <0.9–3 <0.9–4 Liu et al. (2004)
0.4–28.8 0.97 Labadie et al. (2007)
0.04–0.39 nd Williams et al. (2003)

Lye et al. (1999)
Blackburn et al. (1999)

70–340 Heemken et al. (2001)
10–190 Fromme et al. (2002)
<0.5–15 Bolz et al. (2001)

<0.2–2 <0.2–1.5 Ternes et al. (2002)
Naylor et al. (1992)
Ferguson et al. (2001)
Rice et al. (2003)

<0.5–11.9 <1.0 López de Alda et al. (2002)
nd–11.8 nd Petrovic et al. (2002)

Jonkers et al. (2003)
Bennie et al. (1997)

<3.0 Patrolecco et al. (2004)
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(Lye et al., 1999), and higher than those of the other investigated
European rivers. The concentrations of natural estrogen E1 in the
sediments of the PRD are at high levels as well, and similar to those
in the Spanish rivers (López de Alda et al., 2002), and lower than
those in Ouse River of UK, but higher than those in Japanese and
the other investigated European rivers. Additionally the E2 concen-
trations in the sediments of the PRD are in the same range as those
of the overseas studies (Table 2).

In a word, the rivers from the PRD were heavily contaminated
by phenolic xenoestrogens and became one of the seriously pol-
luted regions by APs and BPA in the world.
4. Conclusion

In summary, phenolic xenoestrogens were the dominant con-
taminates of the EDCs pollution in the surface sediments of the riv-
ers from the PRD, and were primarily attributed to local domestic
sewages and industrial effluent discharge. The positive correlations
between the EDCs concentrations and the TOC contents demon-
strated that the sedimentary organic carbon played an important
role in the sorption and distribution of EDCs. Compared with other
investigations, the concentration ranges of APs and BPA fell in the
high value scope in the world, and the concentrations of the natu-
ral estrogens E1 and E2 were similar to those of the other overseas
observations, indicating that the river in ZR and DR from the PRD
became one of the most heavily polluted regions by phenolic
xenoestrogens in the world.
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