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quantified in surface sediments from the Huaihe River, China, along which there are intensive
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industrial and agricultural activities. Concentrations of PFASs ranged from 0.06 to 0.46 ng/g dry
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weight (dw), and concentrations of OCPs ranged from 1.48 to 32.65 ng/g dw. Compared with
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other areas in China, concentrations of PFASs were lesser than the national mean value, while
concentrations of OCPs were moderate. Concentrations of perfluorooctanoic acid (PFOA) and

Keywords:

perfluorooctane sulfonate (PFOS) ranged from n.d. (not detected) to 0.03 and n.d. to 0.10 ng/g dw,

PFASs

respectively. Among the three groups of OCPs, mean concentrations of hexachlorocyclohexane

OCPs

and its isomers (HCHs), dichlorodiphenyltrichloroethane and its metabolites (DDTs) and

Sediment

hexachlorobenzene (HCB) were 5.62 ± 4.35, 2.43 ± 3.12 and 1.55 ± 4.17 ng/g dw, respectively.

Risk assessment

Concentrations of HCHs and DDTs decreased from upstream to downstream along the

Huaihe River

mainstream of the Huaihe River. When compared to sediment quality guidelines (SQGs),
concentrations of HCHs, DDTs and HCB would pose adverse biological effects. In general,
contamination by PFASs in the upstream of the Huaihe River was more severe than that in the
downstream, which was mainly caused by interception from dams, locks and industrial
emissions. And OCPs from tributaries, especially the Yinghe River and Wohe River, were higher
than those from Huaihe mainstream, and primarily came from historical inputs.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Persistent organic pollutants (POPs) remain a major environmental issue due to their potential to bioaccumulation,
persistence in the environment, and toxicity to wildlife and
humans (Jaspers et al., 2013; Yang et al., 2013). Perfluoroalkyl
substances (PFASs) and organochlorine pesticides (OCPs) are
two classes of POPs with different applications and emission
sources. PFASs are regarded as emerging contaminants and

mostly associated with industrial and urban areas (Boulanger
et al., 2005). PFASs have been used in a wide range of
applications: in industry as polymers, surfactants, lubricants,
and pesticides, and in consumer products as textile coatings,
nonstick coatings, stain repellent, food packaging, firefighting
foams, and more (OECD, 2002). Accumulation of PFASs in the
environment mainly comes from two sources, including
releases from manufacture, applications and usage of related
products, and formed as chemical impurities or by breakdown
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of precursors (Paul et al., 2009). Currently, due to the lack of
appropriate alternative products, perfluorooctane sulfonate
(PFOS) and related substances are still manufactured and used
in China (Zhang et al., 2012).
OCPs received global attention soon after the publication of
Silent Spring in 1962 (Abbott et al., 1965). From 1950s to 1970s,
OCPs, such as HCHs and DDTs, accounted for approximately
80% of the total pesticides produced. It was estimated that the
total historical usage of HCHs and DDTs in China were 4460 kt
and 270 kt, respectively (Wei et al., 2007). Being an important
agricultural region, Anhui Province has applied a large amount
of OCPs even without any local manufacture of DDTs and HCHs
(Ministry of Environment Protection of China, 2007).
The Huaihe River, located in central China, has a watershed
area of 270,000 km2 and serves 165 million residents. Textile,
household appliances, steel, cement and fertilizer are the major
industries distributed along the Huaihe River (Anhui Bureau of
Statistics, 2010). Due to the lack of effective urban planning,
rapid urbanization and industrialization have led to adverse
consequences. Deliberate and accidental releases of domestic
sewage and industrial effluents enter into the Huaihe River and
cause serious pollution that has drawn attention from scientists
and regulators (Wang et al., 2009a, 2009b; Feng et al., 2011, 2012;
Fu et al., 2011). We presented the first investigation on spatial
distribution and sources analysis of PFASs in soils around the
Huaihe River (Meng et al., 2013). Sediments are usually regarded
as an important sink for POPs, and also act as a secondary
source to overlying water due to desorption (Bettinetti et al.,
2003). Emerging POPs, such as PFASs in sediments are under
intensive investigation, however, there were no studies on
PFASs in sediments from the Huaihe River till now, and only one
study has reported concentrations of PFASs in surface water
from the Jiangsu reach of the Huaihe River (Yu et al., 2013).
Although OCPs in sediments from the upstream and downstream of the Huaihe River have been reported (Huang et al.,
2006; Sun et al., 2010), little information was available for OCPs
from the Anhui reach. The objectives of this study were to
determine the concentrations, distribution, and transportation
of PFASs and OCPs in sediments along the Anhui reach of the
Huaihe River, a heavily polluted section, to identify sources
and potential risks, and thus to provide information and
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scientific support for future management and protection of
such heavily polluted watershed in China.

1. Materials and methods
1.1. Sample collection
A survey of the mainstream of the Huaihe River and its five
main tributaries was conducted in the Anhui reach of the
Huaihe River, which has a catchment of 66,900 km2. Geographically from west to east, tributaries flowing into the
Huaihe River are the Yinghe, Pihe, Xifeihe, Dongfeihe and
Wohe Rivers. Eighteen sediment samples were collected from
these rivers in October 2008 (Fig. 1). Surface sediments (top
1–10 cm) were collected using a grab sampler. Wet sediments
were transported to the laboratory in polypropylene bottles,
freeze-dried, sieved through a 2 mm mesh, and then stored in
pre-cleaned glass jars at 4°C until further analysis.

1.2. Standards and reagents
Twelve PFASs (purity for each PFC > 98%), including perfluorobutanoic acid (C4, PFBA), perfluoropentanoic acid (C5, PFPeA),
perfluorohexanoic acid (C6, PFHxA), perfluoroheptanoic acid (C7,
PFHpA), perfluorooctanoic acid (C8, PFOA), perfluorononanoic
acid (C9, PFNA), perfluorodecanoic acid (C10, PFDA), perfluoroundecanoic acid (C11, PFUdA), perfluorobutane sulfonate (C4,
PFBS), perfluorohexane sulfonate (C6, PFHxS), perfluorooctane
sulfonate (C8, PFOS), and perfluorodecane sulfonate (C10, PFDS)
were obtained from Wellington Laboratories (Guelph, Canada).
Standard solution, containing α, β, γ, δ-HCH, o,p′-DDT, p,p′-DDT,
p,p′-DDE, p,p′-DDD and HCB was purchased from National
Research Center for Certified Reference Materials of China.
HPLC grade methanol, tetrabutylammonium hydrogensulfate
(TBAHS), methyl tert-butyl ether (MTBE), ammonium acetate,
n-hexane and dichloromethane were obtained from J.T. Baker
(Phillipsburg, USA). Analytical grade anhydrous sodium sulfate
was obtained from Beijing Chemical Factory, China. 2,4,5,6Tetrachloro-mxylene (TCMX) and solid phase extraction (SPE)
cartridge for OCPs were purchased from Supelco (Bellefonte,

Fig. 1 – Sediment sampling area and sites in the Huaihe watershed, China.

2200

J O U R NA L OF EN V I RO N M EN T A L S CI EN C ES 2 6 ( 20 1 4 ) 2 1 98–2 2 0 6

Table 1 – Limit of detection (LOD) and matrix spike recovery (MSR) (mean ± SD) of perfluoroalkyl substances (PFASs) and
organochlorine pesticides (OCPs).
LOD (ng/g dw)
Perfluorobutanoic acid (C4, PFBA)
Perfluoropentanoic acid (C5, PFPeA)
Perfluorohexanoic acid (C6, PFHxA)
Perfluoroheptanoic acid (C7, PFHpA)
Perfluorooctanoic acid (C8, PFOA)
Perfluorononanoic acid (C9, PFNA)
Perfluorodecanoic acid (C10, PFDA)
Perfluoroundecanoic acid (C11, PFUdA)
Perfluorobutane sulfonate (C4, PFBS)
Perfluorohexane sulfonate (C6, PFHxS)
Perfluorooctane sulfonate (C8, PFOS)
Perfluorodecane sulfonate (C10, PFDS)
α-HCH
β-HCH
γ-HCH
δ-HCH
p,p′-DDE
p,p′-DDD
o,p′-DDT
p,p′-DDT
HCB
a
b

0.10
0.03
0.01
0.02
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.02
0.15
0.20
0.05
0.05
0.10
0.20
0.10
0.10
0.24

MSR (%)
100
104
110
96
100
109
103
90
119
114
117
86
82
81
84
90
93
87
90
92
78

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

5
3
3
6
11
2
7
4
4
8
2
6
7
9
5
6
5
9
1
3
6

Detection rate (%)
7 a (38.9) b
0 (0)
7 (38.9)
0 (0)
14 (77.8)
11 (61.1)
8 (44.4)
10 (55.6)
18 (100)
5 (27.8)
17 (94.4)
2 (11.1)
5 (27.8)
16 (88.9)
0 (0)
0 (0)
11 (61.1)
4 (22.2)
0 (0)
7 (38.9)
5 (27.8)

Number of samples detected.
Occurrence.

USA). SPE cartridge for PFASs was purchased from Waters
(Milford, USA).

1.3. Quantification of PFASs
PFASs were extracted based on a previously described method
with slight modification (Naile et al., 2010). Generally, 2.5 g
sediment was wetted with 2 mL Milli-Q water, and mixed with
1 mL 0.5 TBAHS and 2 mL of 25 mmol/L sodium acetate by
vortexing. Subsequently, 5 mL MTBE was added, followed by
shaking and centrifuging, and then the supernatant was
collected. This process was repeated three times, and a final
combined volume of 15 mL MTBE wash was obtained. The
eluent was brought to dryness under a gentle stream of high
purity nitrogen, and reconstituted in 1 mL methanol. The 1 mL
eluent was transferred into a 50 mL PP tube and Milli-Q water
was added to 50 mL, before passing through a SPE cartridge. The
cartridge was preconditioned with 4 mL of 0.1% ammonia in
methanol, 4 mL methanol and 4 mL Milli-Q water. 50 mL eluent
was loaded into the cartridge, and then washed with 20 mL
Milli-Q water and 4 mL 25 mmol/L sodium acetate. The eluent
was discarded and the cartridge was allowed to run dry. Target
analytes were eluted with 4 mL methanol, followed by 4 mL
0.1% ammonia in methanol. The eluent was reduced to 1 mL
under a gentle stream of high purity nitrogen, then filtered
through a 0.2 μm nylon filter, and transferred into a 1.5 mL PP
auto-sampler vial fitted with PP cap.
All target analytes were analyzed by an Agilent 1290 high
performance liquid chromatography system coupled with an
Agilent 6460 triple tandem quadrupole mass spectrometer
(HPLC-MS/MS) (Agilent Technologies, Palo Alto, USA) operated
under negative electrospray ionization (ESI) mode. Analytes
were separated on a C18 analytical column, with 2 mmol/L
ammonium acetate as an ionization aid and 100% acetonitrile

as the mobile phase. Chromatograms were recorded by the use
of multiple-reaction monitoring mode (MRM), and if possible at
least two transition ions per-analyte were monitored. The
optimal settings for collision energies and declustering potential were determined for the transitions of each analyte.

1.4. Quantification of OCPs
Extraction of OCPs was accomplished using a previously
described method (Wang et al., 2009c). Briefly, 5.0 g sample
was mixed with 1 g anhydrous sodium sulfate, and 1 mL
0.08 mg/L TCMX. By ultrasonic treatment and centrifugal
separation, the mixture was extracted twice with 35 mL of
hexane/dichloromethane (1:1, V/V). The combined supernatant
was transferred to a K-D flask and was evaporated to
approximately 2 mL, and further purified by passing through a
SPE cartridge. The cartridge was loaded with 1 g silica gel and
1 g anhydrous sodium sulfate, and was activated with 10 mL
hexane. Analytes were eluted with 20 mL of hexane/dichloromethane (7:3, V/V). Then eluent was concentrated to 1 mL
under a gentle stream of great-purity nitrogen for GC analysis.
OCPs were separated, identified and quantified using an
Agilent 6890 gas chromatography (GC), which was equipped
with a 63Ni electron capture detector (μECD) (Agilent Technologies, Palo Alto, USA). Separation of target analytes was
accomplished by a silica capillary column, operated in
splitless injection mode and using ultra-pure nitrogen as the
carrier gas and make-up gas. The injector and detector
temperatures were 220°C and 300°C, respectively. The oven
temperature was initially set at 100°C with a 2 min hold,
ramped at 10°C/min to 160°C with a 2 min hold, 4°C/min to
230°C with a 5 min hold, 10°C/min to 270°C with a 2 min hold.
The OCPs were identified by matching retention time to the
standards and were quantified using peak area.
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1.5. Quality control and quality assurance
Procedural blanks were prepared for every six samples to check
potential contamination. All blanks were less than the limit of
detection (LOD), where the LOD was defined as three times of
signal-to-noise ratio (S/N). Duplicate samples and matrix spiked
with standard solution were analyzed for every three sediment
samples. Relative standard deviation of duplicate samples was
less than 20%, which were acceptable. Matrix spike recoveries
(MSR) of PFASs ranged from 86% ± 6% to 119% ± 4%, and
recoveries of OCPs ranged between 78% ± 6% and 93% ± 5%,
which were acceptable. The LODs of PFASs and OCPs were
0.01–0.10 ng/g dry weight (dw) and 0.05–0.24 ng/g dw, respectively (Table 1).

2. Results and discussion
2.1. Occurrence of PFASs and OCPs in sediments
Among the twelve individual PFASs investigated, ten PFASs were
detected. PFASs were detected in all sediment samples. Total
concentrations of PFASs ranged from 0.06 to 0.46 ng/g dw
with a mean of 0.19 ± 0.12 ng/g dw (Table 2). Concentrations of
perfluorocarboxylates (PFCAs) ranged from 0.01 to 0.40 ng/g dw
and concentrations of perfluorosulfonates (PFSAs) were
between 0.02 and 0.18 ng/g dw. Among the PFCAs, PFBA was
predominant in sediments, with concentration ranging from n.d.
to 0.31 ng/g dw (a mean of 0.07 ± 0.10 ng/g dw), while concentration of PFOA was between n.d. and 0.03 ng/g dw. Among the
PFSAs, concentration of PFOS was the highest and ranged
from n.d. to 0.10 ng/g dw, with a mean of 0.04 ± 0.02 ng/g dw.
Concentration of PFOS was higher than that of PFOA, which was
consistent with results of previous studies, because PFOS tends

Table 2 – Concentrations of perfluoroalkyl substances
(PFASs) and organochlorine pesticides (OCPs) (unit: ng/g dw).

PFBA
PFHxA
PFOA
PFNA
PFDA
PFUdA
PFCAs
PFBS
PFHxS
PFOS
PFDS
PFSAs
PFASs
α-HCH
β-HCH
HCHs
p,p′-DDE
p,p′-DDD
p,p′-DDT
DDTs
HCB
OCPs

Minimum

Maximum

Median

Mean

SD

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.01
0.01
n.d.
n.d.
n.d.
0.02
0.06
n.d.
n.d.
1.19
n.d.
n.d.
n.d.
n.d.
n.d.
1.48

0.31
0.02
0.03
0.02
0.04
0.04
0.40
0.05
0.03
0.10
0.12
0.18
0.46
7.09
20.42
22.73
2.08
3.70
10.37
10.37
16.85
32.65

n.d.
n.d.
0.01
0.01
n.d.
0.02
0.08
0.01
n.d.
0.04
n.d.
0.06
0.15
n.d.
3.72
3.90
0.64
n.d.
n.d.
1.09
n.d.
5.11

0.07
0.00
0.01
0.01
0.01
0.01
0.12
0.02
0.00
0.04
0.01
0.07
0.19
0.68
4.94
5.62
0.64
0.42
1.37
2.43
1.55
9.60

0.10
0.01
0.01
0.01
0.01
0.01
0.10
0.01
0.01
0.02
0.03
0.04
0.12
1.72
5.16
4.35
0.63
0.96
2.57
3.12
4.17
9.06
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to absorb more to sediment than PFOA (Senthilkumar et al., 2007;
Becker et al., 2008; Wang et al., 2011).
Among the four isomers of HCH, only α-HCH and β-HCH
were detected, while among the four DDT congeners, p,p′-DDE, p,
p′-DDD and p,p′-DDT were detected (Table 1). Concentrations
of OCPs ranged from 1.48 to 32.65 ng/g dw with a mean of
9.60 ± 9.06 ng/g dw. Mean concentrations of HCHs, DDTs
and HCB were 5.62 ± 4.35 ng/g dw, 2.43 ± 3.12 ng/g dw and
1.55 ± 4.17 ng/g dw, respectively (Table 2). When compared
with other six major rivers in China, concentrations of OCPs in
sediments of the Huaihe River were generally moderate and
lower than those in sediments from the Daliao (Wang et al.,
2007), Haihe (Yang et al., 2005), Yangtze (Liu et al., 2008) and
Pearl Rivers (Fung et al., 2005), but higher than concentrations in
sediments from the Songhua (He et al., 2008) and Yellow Rivers
(Wang et al., 2010). Considering that agriculture is the primary
source of OCPs, variation in concentrations in sediments among
these rivers is mainly a result of regional differences in crops
(Li et al., 2001). Concentrations of PFASs were almost two orders
of magnitude lower than those of OCPs. This showed that
although OCPs had been banned for about three decades
in China, their residues in sediments were still higher than
emerging pollutants, and might induce secondary contamination
to rivers through the desorption action.

2.2. Spatial distribution of PFASs and OCPs in sediments
Concentrations of PFASs in sediment from the Huaihe River
didn't show significant differences (Fig. 2a). The highest
concentration of PFASs occurred at site AHS-17 (0.46 ng/g dw)
in the Wohe River and PFBA accounted for 67.7% with a
concentration of 0.31 ng/g dw. There is one industrial park
with businesses that manufacture and/or process packaging,
textile, rubber and fluorine materials. These industries
possibly had direct relationship with the higher emissions of
PFASs in the tributary. Concentration of PFASs at site AHS-06
in the mainstream of the Huaihe River ranked second with a
concentration of 0.38 ng/g dw followed by the concentration of
PFASs at site AHS-07 (0.34 ng/g dw) and AHS-01 (0.32 ng/g dw).
There is a drainage outlet in the upstream of site AHS-06,
which directly caused the high concentration of PFASs. The
Linhuaigang Dam is located near AHS-07, which intercepts the
Huaihe River. PFASs from the upstream were adsorbed by
sediment and led to great residues at site AHS-07. Two chemical
plants nearby the AHS-01 also contributed significantly to the
great concentration of PFASs.
Mean concentrations of OCPs in sediments from the
mainstream of the Huaihe River and its five tributaries
were ranked as follows: Dongfeihe (32.65 ng/g dw), Yinghe
(14.35 ± 9.56 ng/g dw), Wohe (13.19 ng/g dw), Huaihe (5.33 ±
4.45 ng/g dw), Pihe (4.30 ng/g dw) and Xifeihe Rivers (4.09 ±
0.76 ng/g dw) (Fig. 2b). AHS-02, AHS-03, and AHS-04 from the
Yinghe River, AHS-10 from the Dongfeihe River, AHS-14 from
the mainstream of the Huaihe River and AHS-17 from the Wohe
River had higher concentrations of OCPs than those from other
12 sampling sites. Sites where sediments contained higher
concentrations of OCPs had similar characteristics. Generally,
β-HCH contributed the highest proportion for OCPs at site
AHS-02, AHS-04, AHS-10 and AHS-17 (54.35%–82.45%). OCPs at
AHS-14 were mostly comprised of p,p′-DDT, which contributed
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0.22

a

b

15

Fig. 2 – Spatial distribution and contribution of individual perfluoroalkyl substances (PFASs) (a) and organochlorine pesticides
(OCPs) (b) in sediments. The number of 0.22 or 15 means the concentration of PFASs or OCPs according to the pie size.

72.11% to total OCPs. Sediment at site AHS-03 had a higher
concentration of HCB (16.85 ng/g dw), and HCB comprised
60.00% of total OCPs, followed by α-HCH, which accounted for
25.24% of total OCPs. Historically, there was a pesticide factory
at site AHS-03, which possibly discharged a large volume of
wastes into the Huaihe River. The higher concentrations of
OCPs in the environment were associated with the greater
incidences of cancers in local residents, which mainly involved
cancers of the esophagus and stomach (Liu, 2010). It is known
that OCPs are associated with carcinogenic, teratogenic and
mutagenic effects, and could induce different kinds of diseases
(Safe, 1995; Willett et al., 1998).

2.3. Composition and potential source of PFASs and OCPs
Relative percentage of individual PFASs in sediments from the
mainstream of the Huaihe River were different from those in
sediments from the five tributaries (Fig. 2a). PFBS and PFOS
were the predominant PFASs and accounted for 63.04% at
sites AHS-02, AHS-03, AHS-04 and AHS-05 from the Yinghe
River. PFBA was dominant at sites AHS-06, AHS-07, AHS-08
and AHS-09 from the upstream reach of the Huaihe and Pihe
Rivers. PFOS was predominant at sites AHS-13, AHS-14,
AHS-15, AHS-16 and AHS-18 from the downstream reach of
the Huaihe River. PFASs in aquatic systems can arise from
point sources, such as sewage outfalls, and non-point sources,
such as dry and wet deposition or runoff inputs (Furl et al.,
2011). Among the PFCAs analyzed, PFBA was predominant,
with concentration ranging from n.d. to 0.31 ng/g dw. The
predominance of PFBA was similar to the situation in Tokyo
Bay, Japan, where PFBA contributed 52% to total PFASs (Ahrens
et al., 2010). The higher concentration of PFBA indicated the
shift of production and usage from C8 PFASs to shorter-carbon
chain PFASs. The fact also revealed the impact of point sources
(Thompson et al., 2011). As for the shorter chain PFCAs (C4–C7,
apart from PFBA), detection rates and concentrations of PFPeA,
PFHxA and PFHpA were less than those of C8 PFC. Among the
longer chain PFCAs (C8–C11), detection rates of PFOA, PFNA,
PFDA and PFUdA were relatively higher. This general trend is

consistent with the result of a previous study (Myers et al.,
2012). Among the PFSAs analyzed, PFOS was predominant with
a mean concentration of 0.04 ± 0.02 ng/g dw. According to
recent reports on PFOS sources in Anhui Province, metal plating
and fire-fighting were the main industries to release PFOS
(Zhang et al., 2012; Xie et al., 2013). No related factories were
found located near the sampling areas in this study. Non-point
sources, rather than discharges from individual factories,
probably contributed to the relatively even distribution of
PFOS. Although the detected concentration of PFBS were lesser,
ranging from 0.01 to 0.05 ng/g dw, but detection rate of PFBS
reached up to 100%. The prevalent detection of PFBS was also
related to production and usage of alternatives to PFOS (Carter
and Farrell, 2010).
Differences in relative concentrations of HCH isomers or
DDT congeners can be used to determine possible sources.
Typically, the technical mixture of HCH consists of 60%–70%
α-HCH, 5%–12% β-HCH, 10%–15% γ-HCH and 6%–10% δ-HCH,
respectively (Buser and Muller, 1995). In this study, γ-HCH and
δ-HCH were not detected and the detection rate of α-HCH was
only 27.8%. The highest detection rate (88.9%) and mean
concentration (4.94 ± 5.16 ng/g dw) of β-HCH was observed,
and β-HCH contributed 87.90% to total HCHs, with a mean
concentration of 5.62 ± 4.35 ng/g dw (Table 2). Because of lower
water solubility and vapor pressure comparing with α-HCH and
γ-HCH, β-HCH is the most stable and resistant to microbial
degradation. And α-HCH and γ-HCH could be converted to
β-HCH. Generally, the predominance of β-HCH indicates no
recent emissions of technical HCH. In contrast, the dominance
of more volatile α-HCH and γ-HCH indicates long-range
transport (Willett et al., 1998). Therefore, HCHs in sediments
from the Huaihe River mainly resulted from emissions and
conversion of local technical HCHs.
Technical DDT generally contains 5% p,p′-DDE, <5% p,p′-DDD,
15% o,p′-DDT and 75% p,p′-DDT (Pandit et al., 2006). In this study,
apart from o,p′-DDT, which was not detected, p,p′-DDE, p,p′-DDD
and p,p′-DDT accounted for 26.34%, 17.28% and 56.38% of total
DDTs, respectively (Table 2). DDT can be biodegraded to DDE
under aerobic conditions and to DDD under anaerobic conditions
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(Bossi et al., 1992). This information can be used to determine
relative contribution of technical DDT. Based on the results of
previous studies, a ratio of DDT/(DDE + DDD) < 1 indicates
long-term weathering (Hitch and Day, 1992). In this study, a
ratio of DDT/(DDE + DDD) > 1 was found at sites AHS-02,
AHS-03, AHS-05 and AHS-14. The predominant DDT at these
sites was p,p′-DDT, indicating that there were recent inputs of
technical DDT. Conversely, DDTs at other sites were the result
of historical emissions and long-term degradation.
The detection rate of HCB was only 27.8% and HCB
accounted for 16.15% of total OCPs (Table 2). Except for site
AHS-10, the other four sites are located in the Yinghe River.
Concentration of HCB showed a decreasing trend from the
upstream to downstream, which indicated the dilution of HCB
by discharge of the Yinghe River. HCB is primarily generated
by incomplete combustion, old dumpsites or chemical processes, such as the manufacture of chlorinated solvents,
chlorinated aromatics and pesticides (Barber et al., 2005).
There was a pesticide plant close to site AHS-03, where the
concentration of HCB was the highest. Although the plant
was closed several years ago, past-emitted HCB was the likely
source at this site. In addition, there is heavy ship traffic
along the Huaihe River, including transportation vessels, sand
carriers and fishing boats. These ships stir and change the
flow of river water, which consequently affect adsorption of
contaminants by sediment. Therefore, OCPs in sediments
partly came from other areas carried by ships and this activity
disturbed the normal flow from upstream to downstream.

2.4. Adverse effects of PFASs and OCPs in the Huaihe Watershed
Predicted no-effect concentration (PNEC) was used as a threshold
value for protecting wildlife and as a parameter for the ecological
risk assessment of pollutants (Beach et al., 2006; Giesy et al.,
2010). In this study, PNECs of PFOA and PFOS in sediments were
suggested based on the equilibrium partitioning method, using
the PNECs in freshwater and distribution coefficient (Kd) (Zushi

Fig. 3 – Comparison of organochlorine pesticides (OCPs) in
sediments from the Huaihe River to various sediment quality
guidelines. TEL (threshold effect level) and PEL (probable
effect level); TEC (threshold effect concentration) and PEC
(probable effect concentration).
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et al., 2012). The PNEC of PFOS in fresh water is 25 μg/L (UK
Environment Agency, 2004), and PNEC of PFOA is 1250 μg/L
(Colombo et al., 2008).

Kd ¼

Cs
Cw

ð1Þ

where, Cs (ng/g dw) and Cw (ng/L) are the concentrations of
PFASs in sediment and water samples, respectively.
Due to the lack of concentrations of PFASs in water from
the Anhui reach of the Huaihe River, the Cw from the Jiangsu
reach were used as estimated value to calculate the Kd. The
mean Cw for PFOS and PFOA were 4.7 and 18 ng/L, respectively (Yu et al., 2013). Therefore, the mean Kd values of PFOS
and PFOA were 8.51 × 10− 3 and 5.56 × 10− 4 L/g, and the
calculated PNECs of PFOS and PFOA for sediment were 0.21
and 0.70 μg/g dw, respectively. Concentrations of PFOS in the
Huaihe River ranged from n.d. to 0.10 ng/g dw, so PFOS didn't
pose potential risks to benthic invertebrates. Concentrations
of PFOA were between n.d. and 0.03 ng/g dw and also didn't
exceed the PNEC based on equilibrium partitioning. Although
the concentration of PFBA was the highest in the Huaihe
River, studies on toxicity of PFBA were scarce and no PNEC
value was available. Considerable uncertainty was associated
with the PNEC values derived via the partitioning method
(Zhao et al., 2013).
Environmental standards for OCPs in freshwater sediment
have not been set in China. Therefore, potential environmental risk of OCPs was evaluated by comparing measured values
with published sediment quality guidelines (SQGs). The
threshold effect level (TEL) corresponds to the concentration
below which adverse ecological effects are expected to
occur only rarely, and the probable effect level (PEL) defines
the concentration above which adverse effects are expected to
occur frequently (MacDonald et al., 2000). Based on the SQGs
established by Canada (CCME, 2002), the TEL and PEL of p,p′-DDE,
p,p′-DDD, and o,p′-DDT + p,p′-DDT were applied. No o,p′-DDT
were detected in sediments. Concentrations of p,p′-DDE in
sediment from AHS-14 and p,p′-DDD in sediment from AHS-10
exceeded the TEL, while concentrations of p,p′-DDT from the
other five sites (AHS-02, AHS-03, AHS-05, AHS-10 and AHS-15)
exceeded the TEL and one (AHS-14) exceeded the PEL (Fig. 3).
These results revealed that the risk of p,p′-DDT was more serious
than that of other two DDT congeners. By comparison with the
SQGs published by MacDonald et al. (1996), it was noted that the
concentrations of DDTs at five sites (AHS-03, AHS-10, AHS-14,
AHS-15, AHS-17) all exceeded the TEL. Based on threshold effect
concentrations (TEC) and the probable effect concentrations
(PEC) (Gomez-Gutierrez et al., 2007), the evaluated risk of DDT
congeners was similar to the result derived by comparison with
the TEL and PEL. The five detected concentrations of HCB were
between the TEC and the PEC, which indicated some hazard and
need more detailed research. The least effect level (LEL) was cited
to evaluate risk of HCHs. The LEL indicates the concentration of
sediment contamination that can be tolerated by the majority of
benthic organisms. The LELs for α-HCH and β-HCH are 6 and
5 ng/g dw, respectively (Ontario Ministry of Environment and
Energy, 1993). Therefore, α-HCH from AHS-03 and β-HCH from
AHS-02, 04, 10, 17 exceeding corresponding LELs would pose
certain risk to benthic organisms.
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Fig. 4 – Concentrations of perfluoroalkyl substances (PFASs) (a) and organochlorine pesticides (OCPs) (b) (ng/g dw) in sediments
from the mainstream of the Huaihe River.

2.5. Comparison with previous studies of Huaihe Watershed
There were no reported PFASs in sediments from the Huaihe
River. Concentrations of PFOA and PFOS in sediments from
Anhui reach of the Huaihe River were the least, when comparing
with other studied watersheds in China, including the rivers
of Pearl (PFOA, 0.09–0.29 ng/g dw; PFOS, n.d. −3.1 ng/g dw),
Huangpu (PFOA, 0.2–0.64 ng/g dw; PFOS, n.d. −0.46 ng/g dw),
Liao (PFOA, n.d. −27.9 ng/g dw; PFOS, n.d. −6.6 ng/g dw), and
Haihe (PFOA, 0.9–3.7 ng/g dw; PFOS, 1.8–7.3 ng/g dw), and the
Yangtze Estuary (PFOS, 72.9–536.7 ng/g dw), north Bohai Sea
(PFOA, n.d. −0.54 ng/g dw; PFOS, n.d. −1.97 ng/g dw) (Bao et al.,
2010; Pan and You, 2010; Li et al., 2011; Wang et al., 2011; Yang et
al., 2011). Concentrations of PFOA and PFOS were also lesser than
those from other countries, including several rivers in Japan
(PFOA, n.d. −3.9 ng/g dw; PFOS, n.d. −11 ng/g dw), west coast of
Korea (PFOA and PFOS, <2.0 ng/g dw), San Francisco Bay, USA
(PFOA, n.d. −0.63 ng/g dw; PFOS, n.d. −3.07 ng/g dw) (Higgins et
al., 2005; Senthilkumar et al., 2007; Naile et al., 2010). Median
concentrations of PFOA and PFOS that can be extracted from
limited literature were 0.30 and 0.54 ng/g dw, respectively
(Zareitalabad et al., 2013). Although local leading industries
could be the source of PFASs, the industrial proportion and
scales were relatively small. Therefore, contamination by
PFOA and PFOS from the Anhui reach of the Huaihe River was
less severe than that in most studied watersheds.
When compared with concentrations of OCPs in sediments
from the Henan reach and Jiangsu reach of Huaihe mainstream,
concentrations in the Henan reach were the highest, with
4.53 ng/g dw for HCHs and 11.07 ng/g dw for DDTs (Sun et al.,
2010), followed by those from the Anhui reach, while those
from the Jiangsu reach were the least, with concentrations of
1.31 ng/g dw for HCHs and 0.99 ng/g dw for DDTs (Huang et al.,
2006). Concentrations of HCHs and DDTs in sediments
generally showed a decreasing trend from upstream to downstream (Fig. 4).
Among HCH isomers, although only β-HCH was detected
in sediments from the Anhui reach, concentration of β-HCH
was the highest (Fig. 4a). Except for β-HCH, contamination by
α-HCH and γ-HCH from the Henan and Jiangsu reach was also

serious, especially γ-HCH from the Henan reach. These results
indicated massive historical use of technical HCH, slow
degradation or possible new inputs. In fact, the usage of
technical HCH in Jiangsu Province reached up to 500 kt, which
ranked first among all the provinces of China; and the usage
in Henan was about 350 kt, which ranked third (Li et al., 2001).
The actual residues from these three sections were not
consistent with their historical usage, which was caused
mainly by different rates of degradation in the environment.
In addition, concentrations of DDTs were higher than those of
HCHs in each section of the Huaihe River. Among four DDT
congeners, p,p′-DDT was predominant, followed by p,p′-DDE
(Fig. 4b). The HCHs and DDTs from the agricultural region in the
upstream could transport along the Huaihe River and deposit in
sediments from the downstream. Therefore, apart from local
emission, residues from upstream were also an important
source and possibly posed adverse effects on sediments from
the downstream. In general, sediments from the Henan, Anhui
and Jiangsu reaches exhibited similar contamination by HCHs
and DDTs in terms of both concentration and composition.
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