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Abstract The distribution, sources, and potential risks of
polychlorinated biphenyl (PCB) contamination in the
rivers of Shanghai, China were investigated. Fourteen
PCB congeners in surface waters and sediments, which
were collected from 53 sampling sites, were quantified by
gas chromatography-mass spectrometer (GC-MS). The
total concentrations of PCBs in the dissolved phase, in
particulates, and in sediments ranged from not detected
(nd) to 34.8 ng-L™", from 0.76 to 39.71 ng-L™!, and from
1.46 to 46.11 ng-g' (dry weight, dw), respectively. The
corresponding WHO toxic equivalents (TEQs) of dioxin-
like polychlorinated biphenyls (dI-PCBs) ranged between
nd-1135.63 pg TEQ-L™, 0.02-605.94 pg TEQ-L™, and
0.05-432.12 pg TEQ- g dw, respectively. The penta-CBs,
especially PCB 118 and PCB 105, were the dominant
congeners in all samples. Principle Component Analysis
(PCA) indicated that the PCBs were mainly influenced by
a historical accumulation of commercial PCB products, the
burning of house coal, and emissions from municipal solid
waste incineration (MSWI) and secondary metallurgy
industries. The center of Shanghai was significantly
affected by PCB contamination, followed by the industrial
parklands and suburban towns, while the farmland of
Chongming Island was the least affected area. Adverse
biological and health effects would be likely in the central
urban areas, industrial parks, and residential towns of
Shanghai.
Keywords PCBs, river water, sediments, sources, biolo-
gical risk
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1 Introduction

Polychlorinated biphenyls (PCBs) are typical persistent
organic pollutants (POPs) with 209 congeners and have
been accepted in the list of the “Stockholm Convention on
Persistent Organic Pollutants” based on their bioaccumula-
tion properties, their persistence in the environment, their
impact on ecosystems, and their wide spectrum of
deleterious effects on humans. Among the numerous
PCB congeners, the degree of PCB toxicity is related to the
substitution pattern of chlorine atoms, and the most toxic
group of compounds are dioxin-like PCBs (dI-PCBs),
including 12 congeners, which are referred to as the non-
ortho and mono-ortho PCBs (Safe, 1990). PCBs were first
synthesized in 1929 and used extensively for different
industrial applications until the late 1970s with about 1.3
million tons of PCBs having been discharged into the
environment (Breivik et al., 2002). Amongst this, about
8,000 tons of commercial PCBs (1# PCB and 2# PCB)
were produced during the 1960s and 1970s in China. 1#
PCB (also called PCB 3) was used as a dielectric fluid in
electronic capacitors, and is similar to Aroclor 1242. 2#
PCB (also called PCB 5) was used as an additive in paints,
and is similar to Aroclor 1254 (Jiang et al., 1997; Takasuga
et al., 2000).

PCBs have been extensively studied over the past 40—50
years. Much research has focused on the distribution,
concentration, and exchange of PCBs in different environ-
mental media, such as the atmosphere, soils, sediments,
waters, and organisms. Past pollution from industrial
activities has been regarded as the main contribution to the
accumulation and distribution characteristics of PCBs
(Nhan et al., 2001; Zhang et al., 2004; Colombo et al.,
2005; Rowe et al., 2007; Kim et al., 2009). Generally,
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PCBs have mainly accumulated in terrestrial and aquatic
ecosystems by means of direct dry deposition, runoff, and
industrial and municipal waste water discharge (Samara et
al., 2006; Totten et al., 2006). In aquatic ecosystems, PCBs
have mainly accumulated in suspended particulate matter
(SPM), sediments, and sediment-dwelling organisms. In
the case of accumulated PCBs in sediments, the com-
pounds would be released to the overlying water, and
endanger aquatic ecosystems influenced by human activ-
ities such as channel reconstruction, dredging, and re-
suspension by shipping (Dachs et al., 2002).

Shanghai is located near the Yangtze River estuary.
There are about 33,127 rivers and creeks in the Shanghai
basin, spanning an area of ca. 24,915 km in length,
including the Suzhou River and the Huangpu River, which
is the last tributary of the Yangtze River. As one of the
largest and most important industrial cities of China,
Shanghai has undergone extensive urban expansion and
development with a commensurate environmental degra-
dation since the early 1980s (Wang et al., 2008). Large
amounts of industrial wastewater and domestic sewage
have been discharged into the river network without
adoption of any decontamination measures, resulting in
serious deterioration of river water quality in the the rivers
of Shanghai (Zhang et al., 2014a). In 2012, water quality of
the main rivers and lakes in Shanghai varied between
Category III to over Category V (Shanghai Environmental
Protection Bureau, 2012). Historically, a number of
commercial PCBs have been produced in Shanghai and
used mostly as paint additives which eventually were
mobilized into the environment (Zhang et al., 2009). Wu et
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al. (1999) reported that the total PCB concentrations in
sediments were influenced by the industrial activities in the
Yangtze estuary and the Huangpu River. Consequently,
some studies had focused on the occurrence and risk
assessment of PCBs in the sediments of the Yangtze
estuary and its tidal plain (Gao et al., 2013), and the
sediments of the Suzhou River (Li et al., 2007). However,
little information has been reported on the concentrations
and exchange pathways of PCBs, especially dI-PCBs in the
waters and sediments of the whole river network of
Shanghai. To this end, systematic studies have been
performed on the river network system of Shanghai with a
view to gaining new information on the spatial distribu-
tion, source identification, and risk assessment of PCBs in
the different areas, and to better understand how land usage
which is influenced by human activities has affected the
distribution of PCBs along the river network.

2 Materials and methods

2.1 Sampling and pretreatment

Fifty-three samples of surface water and sediments were
collected from the Shanghai river network in April, 2012
(Fig. 1). The 53 sampling sites (SS) were classified into
five different areas based on the location of its correspond-
ing land use as follows: industrial parks of industrial area
(Area 1, Al), farmland in agricultural area (Area 2, A2),
the city center of Shanghai (Area 3, A3), residential areas
of suburban towns (Area 4, A4) and farmland in

Fig. 1

A3, city center; A4, residential area in towns; A5, farmland of Chongming Island.
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Sampling sites (SS) of surface water and sediments in the rivers across different areas of Shanghai. A1, industrial parks; A2, farmland;
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Chongming Island (Area 5, AS) (Yu et al., 2013). In each
site, about 2 L of surface water was collected using a
Plexiglas sampler and transferred to a brown glass bottle.
Surface sediments were sampled by an Ekman-Birge
bottom sampler (HYDRO-BIOS, Germany) and then
placed into polyethylene bags. All samples were stored
at 4°C in the laboratory.

Water samples were filtered using combustion-cleaned
(450°C) glass fiber filters (GF/F, 0.45 pm; Whatman, UK)
(Khim et al.,, 2001). The filtered GF/F and sediment
samples were freeze dried in a freezer dryer (Christ,
Germany). Then sediment samples were powdered with a
mortar and pestle and sieved through a 60 mesh wire
screen.

2.2 Extraction

Water samples were extracted by solid phase extraction
(SPE) (Supelco, USA). Before extraction, the HLB
columns (Waters, USA) were activated by flowing through
successively 5 mL n-hexane, dichloromethane, methanol,
and ultrapure water. Then the filtrate was percolated at a
flow rate of 5 mL-min ' under vacuum and the columns
were eluted using 10 mL of dichloromethane: n-hexane
3:7).

Filtered samples and sediments were extracted by
accelerated solvent extraction (ASE300, Dionex, USA).
Then the extract was purified using a chromatographic
column consisting of quartz sand, silica, alumina, and
anhydrous Na,SO, (silica, activated at 130°C for > 16 h;
silica and alumina drying for 4 h at < 450°C). The analytes
were eluted using 70 mL of dichloromethane:n-hexane
(3:7). The eluate was transferred into n-hexane and
enriched to 0.9 mL using a DryVap concentrator (Horizon,
USA). Then 0.1 mL of decachlorobiphenyl (Supelco,
USA) was added to each eluate to serve as internal
standard for GC-MS analysis.

The n-hexane, dichloromethane, methanol, and acetone
were confirmed to meet the impurity level standard for
pesticide analysis grade solvents (Merck and Tedia, USA).

2.3 Analysis

PCBs were determined by GC-MS (Agilent 7890A,
equipped with a 30 m x 0.25 mm i.d. x 0.25 pm HP-
SMS column; Agilent 5975C, USA) with 1 pL of sample
extract being injected by a CTC Combi PAL unit in
splitless mode. The carrier gas was He and the flow rate
was maintained at 1.2 mL-min'. The temperature of the
injection port was 270°C. The GC column oven was set at
a temperature of 150°C and held for 3 min, then increased
at a rate of 10°C-min" to 300°C and held for 2 min. The
mass spectrometer was operated at 280°C and at a
resolution of over 10,000 under positive ion mode
ionization conditions (70 eV). The data was acquired in
selected ion monitoring (SIM) mode.

The PCB-MIX standard solution (14 standards) (O2Si,
USA) contained 12 dI-PCBs (PCB 77, 81, 105, 114, 118,
123, 126, 156, 157, 167, 169, 189) and PCB 170, 180.

2.4 Quality assurance and quality control (QA/QC)

For each set of 7 samples, a matrix spike sample, a parallel
sample, a blank spike sample, and a blank sample were
analyzed as part of the QC measures. Samples in duplicate
(n = 3) were collected during QA/QC and the relative
standard deviations (RSDs) ranged from 8.8% to 13.2%.
The spiked recoveries for PCB congeners ranged from
63.8% to 77.8% for the dissolved phase, and from 61.3%
to 82.1% for particulates and sediments, respectively. The
limit of detection (LOD) was defined as the signal to noise
ratio (S/N) > 3 times the average baseline noise level. The
LOD values ranged from 0.006 ng-L™ to 0.02 ng-L™" for
water samples and 0.009 ng-g' to 0.08 ng-g' for
sediment samples. All the results were corrected using
the recovery ratio data.

2.5 Statistical analyses

Multiple comparisons of the concentrations of the PCBs
for the different sampling areas were conducted with the
Least Significant Ranges (LSD) test using ANOVA, and
differences were considered to be significant if p < 0.05.
Principle component analysis (PCA) was used to identify
the sources influencing the contributions of PCBs in
different samples. The principal components were con-
sidered if their Eigenvalues were > 1 and the method of
Varimax was selected for rotation. Twenty five iterations
were performed in the PCA. All of the statistical testing
was performed using SPSS version 19.0 (SPSS Inc., USA).

3 Results and discussion
3.1 PCBs concentrations and spatial variation

The concentrations of the >1,PCBs in surface water and
sediment samples from the rivers of five different areas of
Shanghai are listed in Table A1 and the spatial distributions
are shown in Fig. A1, Fig. A2, and Fig. 2. In surface water,
the values of the >14PCBs in the dissolved phase ranged
from ND (not detected) to 34.84 ng-L ' with an average
value of 8.42 ng-L'. The highest concentrations of the
2.14PCBs in the dissolved phase were found in A4, which
was significantly higher than A5 (p <0.05). The total
2.14PCBs in surface water, including the dissolved phase
and particulates, ranged from 2.72 to 53.42 ng-L™!, with a
mean value of 18.35 ng-L™". The highest concentrations of
PCBs were found in A3, which was significantly higher
than A5 (p <0.05). In the surface sediments, the
concentrations of the > ,PCBs varied between 1.46—
46.11 ng-g ' dw, with a mean value 0f 9.06 ng-g™' dw, and
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Fig. 2 Distributions of >4PCBs in surface water and sediments from the rivers in 5 areas of Shanghai. TEC, threshold effect
concentration, below which adverse effects of sediment toxicity are unlikely to occur (MacDonald et al., 2000).

the highest concentrations of the >,;4,PCBs were found in
A3, which was significantly higher than those in the other
areas (p < 0.05).

The average concentrations of the > ;4,PCBs in the
surface water and sediments of the Huangpu River were
2523 ng-L™" and 5.17 ng-g* dw, respectively. The mean
value of PCBs in the sediments of the Huangpu River was
lower than the value for PCBs in the lower urban stream of
the Huangpu River reported by Wu et al. (1999) (19.9
ng-g' dw). The concentrations of the X ;4,PCBs in the
Huangpu River at different areas are shown in Fig. 3. The
highest level of PCBs in the surface water of the Huangpu
River was observed at SS 39 (A2), while the lowest
concentration of >, ,PCBs was found at SS 40 (A2). SS 39
was taken near an area of farmland (A2), but there were
some shipping companies, shipyards, and building materi-
als industries along the banks near the sampling site, which
might be the source of PCB emissions (Gao et al., 2013). In
the sediments, the concentration of the >;,PCBs at SS 45
(A1) was the highest, which was sampled at the down-
stream area of the Huangpu River near the petrochemical
and transfer storage zones of New Jiangwan City of
Shanghai. The levels of PCBs in the surface sediments
increased in going from upstream to downstream along the
Huangpu River, but this trend was not observed for PCBs
in surface water (Fig. 3).

In general, the total concentrations of the 2 4,PCBs were
higher in A3 and lower in A5 whether for the surface
waters or the surface sediments (Fig. 2). A3 was in the
center of Shanghai with the greatest industry and
population density. Many rivers were black and malodor-
ous, such as SS 46, SS 47, SS 49, and SS 53. Most rivers in
A3 had been dammed by floodgates, which would lead to a
relative lack of hydrodynamic forces in the water courses.
In such a case, the pollutants cannot disperse readily
because of the low degradation potential of POPs in urban
water systems (Rossi et al., 2004). Furthermore, the
untreated industrial, urban runoff, and domestic waste
waters in this area would be potential pollution sources

[ ] Dissolved phase -40
[ ] particulates 35
I sediments i

NOW WA
s S O
1 | I R
T T
[\ (9%
o S

— —_
[N
P S|
LI
—_ —_
[N

%,,PCBs in water/(ng-L h

3]
o
1

T

)
[e)

¥,,PCBs in sediments/(ng-g ' dw)

wn
1

O-MFI

T T T T _0
SS40(A2) SS39(A2) SS43(A3) SS44(A3) SS45(Al)

Fig. 3 Concentrations of > 4,PCBs in surface water and
sediments from Huangpu River. The sampling sites displayed
the different places from upstream to downstream relatively with
the increase of X-axle run-length.

which may result in higher accumulations of PCBs (Men et
al., 2014). The lowest levels of the X 4,PCBs in A5
occurred in the farmland of Chongming Island, which is far
away from Shanghai city center, and has limited record of
pollution due of the presence of fewer industries.

The levels of PCBs in the dissolved phase for this study
were in the range observed by Li et al. (2012) for middle
reaches of the Yangtze River (3.81-46.69 ng-L '), and the
levels of PCBs in particulates were similar to the data of
Men et al. (2014) for the Dailiao River estuary (6.78—66.55
ng-L™") (Table 1). The total concentrations of PCBs in
water were similar to those in the Seine River estuary in
France (14.1-55.0 ng-L™") (Cailleaud et al., 2007), and
were higher than those in the Delaware River in the USA
(Rowe et al., 2007) , but were lower than those in Lake
Taihu (Wang et al., 2003), the Hai River (Wang et al.,
2007), the Minjiang River estuary (Zhang et al., 2003), the
Tonghui River (Zhang et al., 2004), and in the waste water
of Qingyuan city in China (Wu et al., 2008), and in the
water from Delhi in India (Kumar et al., 2012) (Table 1). In
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the sediments, the levels of PCBs in this study were
consistent with those in Lake Baiyangdian (5.96-29.61
ng-g ' dw (Dai et al., 2011), and were higher than those in
Lake Taihu (Chen et al., 2009), the Tonghui River (Zhang
et al., 2004), the Daliao River (Men et al., 2014) in China,
and the Han River in Korea (Kim et al., 2009), but were
lower than those in the Yangtze River estuary, the Zhujiang
River, and the Minjiang River estuary in China (Fu et al.,
2003; Zhang et al., 2003; Gao et al., 2013), and in the
Houston Ship Channel in the USA (Howell et al., 2008)
(Table 1).

3.2 PCB composition and source identification

In the rivers of Shanghai, PCB 118, 105, and PCB 77
accounted for a higher contribution compared with other
PCB congeners in the dissolved phase, and in particulates
and in sediments as shown in Fig. 4 and Table Al,
respectively. In the dissolved phase, the contribution of
PCB 105 was the highest, accounting for 37.51% of all
PCB congeners, followed by PCB 118 (34.35%) and PCB

Table 1
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Fig. 4 PCB congener patterns in dissolved phases, particulates
and sediments from the rivers of Shanghai, China.

77 (11.75%). In particulates, PCB 118 accounted for
24.64% of the >, 4,PCBs, followed by PCB 105 (13.97%),

Comparison of the concentrations of PCBs in the water and the sediments from other researches

) Water
Location

Dissolved/(ng- LY Particulate/(ng- LY

River network in Shanghai, China ND-34.84 (8.42)
2.49-7.56 (5.84)

5.51-40.28 (16.91)

Huangpu River, China
Daliao River Estuary, China

Delaware River, USA 0.42-1.65
Seine River, Estuary, France 2.0-21.2 (7.0)
Waste water from Qingyuan City, China 196-206

Surface water from Delhi, India 14—-1768 (332)

Tributaries in Middle Reaches of Yangtze River,

China 3.77-61.79 (20.71)

Mainstream in Middle Reaches of Yangtze River,

China 3.81-46.69 (13.25)

19.46-131.62
(45.35)
0.70-3.96 (2.3)
203.9-2473 (985.2)
31.58-344.9 (105.5)
0.49-12.49 (2.47)

Baiyangdian Lake, China

Zhujiang River, China
Minjiang River Estuary, China
Tonghui River, China
Houston Ship Channel, USA
Gaoping River, Taiwan, China
Han River, Korea

Freshwater canals, Hanoi, Vietnam
Yangtze Estuary, China

Taihu Lake, China

Taihu Lake, China

Niagara River, USA

70.2-827

Yamuna River, India

Rio de la Plata Estuary, Argentina

6.78—66.55 (21.81)

Sediment
/ (ng-g’l, dw) n Reference
0.76-39.71(9.93) 1.46-46.11(9.06) 14 This study
0.76—-39.71 (19.39)  3.04-7.56 (5.17) 14 This study

0.83-7.29 (1.77) 41 Men et al., 2014

1.97-4.9 116 Rowe et al., 2007
58—-463 (227) 8 Cailleaud et al., 2007
44 Wu et al., 2008
28 Kumar et al., 2012
28 Li et al., 2012
28 Li et al., 2012

5.96-29.61 (6.35) 41 Dai et al., 2011

12.88—-65.31(31.52) 209
15.14-57.93 (34.49) 21
0.78-8.47 (3.29) 12
4.18—-4601 (1168) 209
0.38—-5.89(1.43) 42
0.04-4.53 (0.55) 12
0.74-33.68 13 Nhan et al., 2001
1.86—148.22 28 Gao et al., 2013
4 Wang et al., 2003
1.35-13.8 (4.86) 58 Chen et al., 2009
1.70—124.60 (24.19) 14 Samara et al., 2006
0.20—-21.16 (6.63) 28 Kumar et al., 2013
0.04-98.5 41 Colombo et al., 2005

Nie et al., 2001
Zhang et al, 2003
Zhang et al., 2004
Howell et al., 2008
Doong et al., 2008

Kim et al., 2009

n, Number of PCB congeners analyzed in each study.
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PCB 167 (9.13%), and PCB 77 (7.25%). In the sediments,
the PCB congeners with high contributions were PCB 105
(18.56%), PCB 77 (16.88%), PCB 118 (15.46%), and PCB
169 (9.83%). The contribution of PCB 169 was relatively
high (0.82 ng-g! dw) in the sediments. Men et al. (2014)
also reported that PCB 169 was the highest contributor
relative to the other 40 PCB congeners, with a concentra-
tion 0f 0.37 ng-g' dw in the sediments of the Daliao River
estuary.

In China, the 1# PCB and 2# PCB have been used
extensively and are regarded as potential sources of PCBs
in the environment because of the serious local pollution
and possible long-term effects (Xing et al., 2005; Zhang et
al., 2010). For 1# PCB in this study, only PCB 77, 105,
118, 123, and PCB 126 were detected, and PCB 77
accounted for 80.84% among the 14 PCB congeners
examined. For 2# PCB, PCB 77, 105, 114, 118, 123, 126,
and PCB 156 were detected, and PCB 105 accounted for
94% of the total PCBs (Jiang et al., 1997). While Huang et
al. (2011) reported that only PCB 77, 118, and PCB 105
were detected in insulating oil samples, which were
produced by the Xi'an Electrical Capacitor Plant where
the 1# PCBs were first produced in China. Some
researchers have proposed that emissions from the burning
of house coal and hardwood (Lee et al., 2005; Gao et al.,
2015), and from industrial activities, such as secondary Al
and Cu metallurgy, might be potential sources of PCBs in
the environment (Ba et al., 2009; Liu et al., 2016).

PCA was undertaken in an attempt to give further insight
into the sources of PCBs. There were four principal
components (PCs), which accounted for 75.43% of the
total variance. The first three PCs explained 27.86%,
21.25%, and 15.25% of the total variance, respectively. In
PC 1, the factor loading of PCB 105, 123, 126, and PCB
157 was higher than 0.6, and could be classified as a group
(Fig. 5), which indicated that the sources of these four
congeners might be similar. Because PCB 105 was the
dominant congener of the 14 PCB congeners in 2# PCB
(Jiang et al., 1997), and PCB 126 accounted for > 84% of
the 12 dI-PCB congeners in the emissions from secondary
Cu, Al, and Mg metallurgy, respectively (Ba et al., 2009;
Nie et al., 2011), PC 1 can be regarded as the historical
accumulation of 2# PCB and the emissions of secondary
metallurgy activities. In PC 2, the factor loading of PCB
118, 77, and PCB 180 was higher than 0.9 and could be
classified into a group (Fig. 5). Thus PC 2 would show the
historical accumulation of 1# PCB and emissions of
municipal solid waste (MSW) incineration because of the
high contributions of PCB 118 and PCB77 in 1# PCB
(Huang et al., 2011), and the high contributions of PCB180
from MSW (Ishikawa et al., 2007). PCB 167, 156, and
PCB 169 had a high factor loading in PC 3 (Fig. 5), which
could be identified as emissions from the metallurgy
industry because PCB 169 was the dominant congener in
the emissions of secondary metallurgy (Ba et al., 2009; Nie
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the surface water and sediment from the rivers in Shanghai, China.
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factor loading in the component matrix and their significance in
correlation matrix (P = 0.000).

et al., 2011). PCB 170 accounted for about 7% in the
emissions from house coal burning (CB) (Lee et al., 2005),
therefore, PC4 revealed the possibility of emissions from
combustion sources.

The PCA scores of different samples and potential
sources are shown in Fig. 6. It is clear that PC1, PC2, and
PC3 indicated the sources of 2# PCB, CEC, and CB,
respectively. In the PCA scores plot, all of the surface
water and sediment samples had similar scores with the
potential sources, such as A1242, A1254, SM-Al, SM-Cu,
WB, and MSW, which were classified into a group as
shown in Fig. 6. Furthermore, the PCB homolog and
congener distribution patterns of emission sources which
described the above are all listed in Table A2 and shown in
Fig. 7 which contrasts with the samples of this study. The
PCBs profiles of the surface waters and sediments of the
river network of Shanghai were more consistent with
A1254 and 2# PCB. In China, 2# PCBs were mainly used
in anti-fouling paint, and the compositions were regarded
as being similar to A1254 (Jiang et al. 1997). Besides, Fig.
7 showed that the proportion of the Penta-CBs dominated
the surface water and sediments of the rivers in Shanghai,
and the concentration percentages of Hexa-CBs and
Hepta-CBs were in the following order: sediments >
particulates > dissolved phase, which indicated that the
highly chlorinated PCBs tended to be adsorbed to SPM
and deposited in sediments. In general, the mobility of
PCB congeners decreases with an increase in the number
of chlorine atoms, so the highly chlorinated PCBs might be
deposited close to the source, while the lighter PCBs may
be transported further from the source (Hong et al., 2003).
The differences of the PCB profiles between the surface
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waters and the sediments of the rivers of Shanghai
indicated that the pollutant inputs had changed historically.
Gao et al (2013) reported that non-point sources including
atmospheric deposition and surface runoff associated with
storm water were the major sources of PCBs in the surface
sediments of the Yangtze Estuary. While in the surface
sediments from the rivers in city clusters in South Jiangsu
Province, China, the historical use of technical PCBs
products and vessel coatings were suggested as the main
PCBs sources (Zhang et al., 2014b). Therefore, according
to the PCA results and related research, the sources of
PCBs in the surface water and sediments of the rivers in

Shanghai were mainly from the historical accumulation of
commercial PCB products produced in China, and from
combustion sources by means of atmospheric deposition or
surface runoff deposition. Moreover, the emissions from
secondary metallurgy industries were also potential
sources of PCBs in the aquatic environment of Shanghai,
China.

3.3 Risk assessment

According to the guidelines of the USEPA standard, the
concentrations of PCBs in surface water should be less
than 14 ng-L', a level which is considered to pose no
hazard to aquatic or human health. As shown in Fig. 2,
there were 7 samples in the dissolved phase that were
higher than the USEPA standard. Also there were 14
particulate samples that were higher than the USEPA
standard. Generally, 43.4% of all water samples were
seriously polluted by PCBs, indicating risk and concern for
the aquatic environment and human health. These samples
were taken mainly from the city center and the residential
areas in towns of Shanghai. In the case of sediment
samples, only the concentration of PCBs in SS 51 (A3) was
higher than the TEC (40 ng-g ' dw) (Fig. 2), indicating that
adverse toxicity effects due to the sediments in the rivers of
Shanghai were unlikely to occur (MacDonald et al., 2000).

The WHO,5 toxic equivalents (TEQs) were calculated
using the 2,3,7,8-TCDD toxic equivalent factors (TEFs),
which are listed in Table 2 (Van den Berg et al., 2006). The
results (Table 3) revealed that the WHO-TEQ in water
samples (dissolved phase plus particulates) ranged
between 0.08-1136.56 pg TEQ-L™ with a mean value of
103.9 pg TEQ-L™. The largest WHO-TEQs was found in
SS 47 (A3), followed by SS 16 (A1), SS 53 (A4), and SS
35 (A4). In total, A3 had the highest level of WHO-TEQs
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Fig. 7 PCA score plot of PCBs for all samples and potential sources. SM-Al, secondary Al metallurgy; SM-Cu, secondary Cu
metallurgy; WB, hardwood burning; CB, housecoal burning; CEC, China electrical capacitors; A1242, Aroclor 1242; A1254, Aroclor

1254; MSW, municipal solid waste incineration.
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Table 2 Summary of WHO 1998 and WHO 2005 TEF Values of dl-
PCBs (Van den Berg et al., 2006)

Compound WHO-1998 TEF ~ WHO-2005 TEF

Non-ortho-substituted PCBs

PCB 77 0.0001 0.0001
PCB 81 0.0001 0.0003
PCB 126 0.1 0.1
PCB 169 0.01 0.03
Mono-ortho—substituted PCBs

PCB 105 0.0001 0.00003
PCB 114 0.0005 0.00003
PCB 118 0.0001 0.00003
PCB 123 0.0001 0.00003
PCB 156 0.0005 0.00003
PCB 157 0.0005 0.00003
PCB 167 0.0001 0.00003
PCB 189 0.0001 0.00003

and was significantly greater than the other four areas
(» <0.05).

In the sediments, the WHO-TEQ ranged between 0.05—
432.12 pg TEQ-g ' dw with a mean of 74.61 pg TEQ-g
dw (Table 3). The highest concentrations of WHO-TEQs
were in A3, but the differences between the five areas were
not significant (p> 0.05). The interim sediment quality
guidelines (ISQGs) and USEPA guidelines of high risk to
sensitive species (HR), based on the 2,3,7,8-TCDD toxic
equivalent, were 21.5 and 25 pg TEQ-g ' dw, respectively.
Accordingly, there were 23 sampling sites above the
ISQGs and HR, accounting for 43.4% of all the sites,
which indicated that adverse biological effects would be
likely to occur in these sites.

SS 47, SS 16, and SS 53 had higher WHO-TEQs both in
the water and in the sediments. SS 47 was located on the
Qiyjiang River, and the water was malodorous and black.
SS 16 was near the Fengxian Industrial Park where
chemical and pharmaceutical industries were located. SS
53 was on the Suzhou River which flowed through the west
of the central part of Shanghai. High concentrations of
PCB 126 were detected in these three sites and hence
represents a serious level of biological risk. For all
samples, the concentrations of PCB 126, PCB 169, and
PCB 77 contributed the most to the WHO-TEQs of the dI-
PCBs, so the differences between the levels of these three

Table 3 WHO,0s-TEQ of dI-PCBs in the dissolved phase, the particulates and the surface sediments from the rivers in different areas of Shanghai

Areas Mean Standard deviation Min Max

Dissolved phase Al 96.61 286.52 0.09 957.06
/pg TEQ-L™) A2 15.34 43.86 ND 161.06
A3 103.45 342.34 0.13 1135.65

A4 3.64 10.45 0.10 33.36

A5 0.08 0.05 ND 0.16
Total 46.56 202.39 ND 1135.65

Particulates Al 1.63 4.56 0.03 15.33
/(pg TEQ-L™) A2 61.23 132.89 0.02 493.30
A3 124.29 185.95 0.03 605.94

A4 52.38 164.94 0.05 521.81

A5 3527 55.32 0.05 120.82

Total 57.34 134.47 0.02 605.94

Water Al 98.24 286.04 0.19 957.32
/(pg TEQ-L™) A2 76.57 144.66 0.08 493.44
A3 227.74 351.79 0.22 1136.56

A4 56.02 175.38 0.20 555.17

A5 35.35 55.29 0.15 120.90
Total 103.90 235.02 0.08 1136.56

Sediment Al 65.28 116.12 0.06 378.22
/(pg TEQ g ' dw) A2 84.91 129.90 0.05 432.12
A3 85.51 13433 0.05 365.81

A4 60.80 92.19 0.05 236.86

A5 68.99 81.09 0.08 170.98

Total 74.61 113.24 0.05 432.12
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dominant PCB congeners were the main reason for the
different spatial distributions of the WHO-TEQs.

In contrast, The WHO-TEQs for dI-PCBs in the surface
water of the river network of Shanghai were similar to the
results reported by Khim et al. (2001) for Korean rivers
(range: < 0.01-238 pg TEQ-L' for the dissolved phase
and nd-53.2 ng TEQ-g™' for the particulates), and were
lower than the levels in the surface waters of the Yamuna
River (< 1-1600 pg TEQ-L™") and the Delhi River (< 1-
2314 pg TEQ-L ™) in India (Kumar et al., 2012), but were
higher than those in the urban rivers and industrial
wastewaters in Japan (Kakimoto et al., 2006) and the
Houston Ship Channel in the USA (Howell et al., 2011). In
the sediments, the WHO-TEQs for dI-PCBs in this study
were similar to the levels of the Venice Lagoon (5—404 pg
TEQ-g™") in Italy (Frignani et al., 2001), were lower than
that in the Nanpaiwu River in China (0.1-880 pg TEQ-g™)
(Hu et al., 2005), but were higher than the levels in the
Xiangjiang River (Chen et al., 2012), the Hai River, the
Dagu River (Liu et al., 2007), the East River (Ren et al.,
2009), the Suzhou River (Li et al., 2007), the Huanghe
River, and the Yangtze River in China (Gao et al., 2015),
and the Han River in Korea (Kim et al., 2009).

4 Conclusions

In this study, the levels of 14 PCB congeners in the surface
waters and sediments from rivers in five different areas of
Shanghai were investigated. PCB 105, 118, and PCB 77
were the dominant congeners in the 2, 4PCBs, while PCB
126, 169, and PCB 77 accounted for the most contributions
of total WHO-TEQs. The PCA results and the PCBs
profiles indicated a historical accumulation of commercial
PCB products in China, and the burning of house coal and
emissions from municipal solid waste incineration and
secondary metallurgy industries were the main sources.
The WHO-TEQs of dI-PCBs in surface water of the
Shanghai river network were consistent with the findings
of moderate risk reported by other researchers. The WHO-
TEQs of dI-PCBs in 43.4% of sediment samples were
higher than the USEPA guideline for high risk to sensitive
species. Most sites with high PCB pollution were located
in the center of Shanghai, the industrial parks, and
residential areas in towns. Therefore, it is necessary to
carry out an overall and thorough monitoring of PCB
pollution and perform accurate research of source
apportionment ratios for PCBs in the rivers of Shanghai,
China.
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Table A1 Concentrations of PCBs in the dissolved phase (ng-L™"), the particulates (ng-L') and surface sediments (ng-g 'dw) from the rivers in

different regions of Shanghai

TUPAC# Al A2 A3 A4 A5 Total
d¥ p? 59 d p s d P s d 14 s d p s d P s

PCB 77 148 058 1.02 048 133 102 207 062 399 073 051 095 ND ND 020 1.01 072 1.53
PCB 81 049 0.19 060 ND 052 050 054 084 250 012 014 ND ND ND ND 024 039 0.79
PCB 105 330 137 150 226 175 149 288 057 203 678 151 173 018 182 1.77 322 139 1.68
PCB 114 028 0.69 051 055 093 038 006 155 077 ND 096 037 004 058 067 023 098 0.52
PCB 118 324 207 104 321 244 114 284 305 288 268 219 0.82 240 248 097 295 245 140
PCB 123 055 ND 019 092 065 005 0.13 013 098 ND ND ND 0.1 036 ND 041 025 026
PCB 126 0.14 001 036 0.1 040 064 008 08 048 ND 042 033 ND 024 069 007 040 0.50
PCB 156 009 ND 019 ND 049 017 ND 068 070 ND ND 057 ND ND 020 002 028 036
PCB 157 000 ND 037 ND 1.9 032 ND 190 058 ND 044 041 ND 057 053 0.002 0.88 043
PCB 167 017 ND 015 ND 096 020 ND 243 027 ND 070 026 ND ND 020 0.04 091 021
PCB 169 020 ND 097 015 069 068 016 127 122 011 033 091 ND 037 ND 014 056 082
PCB 170 0.14 067 009 ND 047 014 0.1 064 058 ND 072 030 ND ND 0.4 005 054 025
PCB 180 002 ND 005 ND 047 021 002 ND 033 ND ND 017 ND ND ND 001 013 0.17
PCB 189 008 ND 009 ND ND 013 009 ND 019 ND 030 014 ND ND 0.8 003 006 0.14
Ydl-PCBs  10.03 490 7.00 7.66 1136 672 885 1389 1658 1043 750 649 272 642 542 836 926 8.64
YPCBs 10.19 558 7.5 7.66 1229 7.08 898 1453 1749 1043 821 697 272 642 556 842 993 9.06

a) dissolved phases; b) particulates; c) sediments; ND, not detected.
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Xueping WANG et al. PCBs in surface waters and sediments of the river network in Shanghai 295

Fig. A1 Spatial distribution of PCBs in the dissolved phase (ng-L™") and the particulates (ng'Lfl) from the rivers in different areas of Shanghai.
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Fig. A2 Spatial distribution of PCBs in surface sediments (ng~g_1dw) from the rivers in different areas of Shangha
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