Chemosphere 68 (2007) 2085–2095
www.elsevier.com/locate/chemosphere

Perﬂuorinated compounds in the Pearl River
and Yangtze River of China
M.K. So a,b, Y. Miyake b, W.Y. Yeung a, Y.M. Ho a, S. Taniyasu b, P. Rostkowski
N. Yamashita b,*, B.S. Zhou d, X.J. Shi d, J.X. Wang d, J.P. Giesy a,e,f,
H. Yu g, P.K.S. Lam a,*
a

b,c

,

Centre for Coastal Pollution and Conservation, Department of Biology and Chemistry, City University of Hong Kong, Tat Chee Avenue,
Kowloon, Hong Kong SAR, People’s Republic of China
b
National Institute of Advanced Industrial Science and Technology (AIST), 16-1 Onogawa, Tsukuba, Ibaraki 305-8569, Japan
c
Department of Environmental Chemistry and Ecotoxicology, University of Gdansk, Gdansk, Sobieskiego 18, Poland
d
State key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences,
Wuhan 430072, People’s Republic of China
e
Department of Veterinary Biomedical Sciences and Toxicology Centre, University of Saskatchewan, Canada
f
Zoology Department, National Food Safety and Toxicology Center, Center for Integrative Toxicology,
Michigan State University, E. Lansing, MI 48823, United States
g
State Key Laboratory of Pollution Control and Resources, School of the Environment, Nanjing University,
Nanjing 210093, People’s Republic of China
Received 8 October 2006; received in revised form 3 February 2007; accepted 5 February 2007
Available online 21 March 2007

Abstract
A total of 14 perﬂuorinated compounds (PFCs) were quantiﬁed in river water samples collected from tributaries of the Pearl River
(Guangzhou Province, south China) and the Yangtze River (central China). Among the PFCs analyzed, perﬂuorooctane sulfonate
(PFOS) and perﬂuorooctanoic acid (PFOA) were the two compounds with the highest concentrations. PFOS concentrations ranged from
0.90 to 99 ng/l and <0.01–14 ng/l in samples from the Pearl River and Yangtze River, respectively; whereas those for PFOA ranged from
0.85 to 13 ng/l and 2.0–260 ng/l. Lower concentrations were measured for perﬂuorobutane sulfonate (PFBS), perﬂuorohexane sulfonate
(PFHxS), perﬂuorooctanesulfoamide (PFOSA), perﬂuorohexanoic acid (PFHxA), perﬂuoroheptanoic acid (PFHpA), perﬂuorononaoic
acid (PFNA), perﬂuorodecanoic acid (PFDA), and perﬂuoroundecanoic acid (PFUnDA). Concentrations of several perﬂuorocarboxylic
acids, including perﬂuorododecanoic acid (PFDoDA), perﬂuorotetradecanoic acid (PFTeDA), perﬂuorohexadecanoic acid (PFHxDA)
and perﬂuorooctadecanoic acid (PFOcDA) were lower than the limits of quantiﬁcation in all the samples analyzed. The highest concentrations of most PFCs were observed in water samples from the Yangtze River near Shanghai, the major industrial and ﬁnancial centre in
China. In addition, sampling locations in the lower reaches of the Yangtze River with a reduced ﬂow rate might serve as a ﬁnal sink for
contaminants from the upstream river runoﬀs. Generally, PFOS was the dominant PFC found in samples from the Pearl River, while
PFOA was the predominant PFC in water from the Yangtze River. Speciﬁcally, a considerable amount of PFBS (22.9–26.1% of total
PFC analyzed) was measured in water collected near Nanjing, which indicates the presence of potential sources of PFBS in this part
of China. Completely diﬀerent PFC composition proﬁles were observed for samples from the Pearl River and the Yangtze River. This
indicates the presence of dissimilar sources in these two regions.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Perﬂuorinated compounds (PFCs) are a group of emerging chemicals of concern in the 21st century. The abilities
to repel both water and oil, together with their chemical
and thermal stabilities, have made PFCs very useful in
many commercial applications (Kissa, 2001). The widespread application, environmental persistence and bioaccumulative potential of PFCs result in the global occurrence
of these substances in air (Martin et al., 2002; Stock et al.,
2004); water (Saito et al., 2003; Schultz et al., 2004; So
et al., 2004; Yamashita et al., 2004); sediment and sludge
(Higgins et al., 2005); as well as various wildlife species
inhabiting not only locations in close proximity to pollution sources, but also in remote areas (Houde et al.,
2006, and references therein). Among the PFCs, perﬂuorooctane sulfonate (PFOS) and perﬂuorooctanoic acid
(PFOA), regarded as the terminal degradation end-products, are the two chemicals that have frequently been
detected in environmental samples, and very often occur
at the highest concentrations.
Potential sources of PFCs in the aquatic environment
include the application of PFC-based products such as
aqueous ﬁlm forming foams or the direct release to the
environment during manufacturing processes (Poulsen
et al., 2005; Prevedouros et al., 2006). PFCs can also be
formed from indirect conversion of their precursor compounds. For example, conversion of N-ethyl perﬂuorooctane sulfonaminoethanol (N-EtFOSE) and N-ethyl
perﬂuorooctane sulfonamide (N-EtFOSA) to PFOS has
been observed in liver microsomes of rats (Xu et al., 2004)
and rainbow trout (Tomy et al., 2004), respectively. Fluorotelomer alcohols were also suggested to be the precursor
compounds of various perﬂuorocarboxylic acids (PFCAs)
(Dinglasan et al., 2004; Ellis et al., 2004). The intentional
and unintentional discharges, and the subsequent transformations, may have resulted in the occurrence of various
PFCs in groundwater (Schultz et al., 2004); coastal surface
water (Saito et al., 2003); drinking water (Harada et al.,
2003); as well as open ocean waters (Yamashita et al.,
2005). The occurrence of PFCs in open ocean waters indicates that understanding the pollution sources and the
water movement patterns would be important to explain
the transports of PFCs from coastal regions to the open
ocean.
The extent of PFC pollution in the aquatic environment
has previously been monitored in the United States (Hansen et al., 2002; Boulanger et al., 2004; Schultz et al.,
2004), Canada (Moody et al., 2002) and Japan (Saito
et al., 2003; Taniyasu et al., 2003; Yamashita et al.,
2004). A recent study reported that ranges of concentrations of PFOS in coastal seawaters of Hong Kong and
the Pearl River Delta (PRD) were 0.09–3.1 and 0.02–
12 ng/l, respectively, while those for PFOA were 0.73–5.5
and 0.24–16 ng/l, respectively (So et al., 2004).
The rapid industrial development in China in the past
decade has transformed China into one of the world’s larg-

est economies. Speciﬁcally, a large number of private manufacturing operations in the PRD and the Yangtze River
Delta (YRD) have transformed these regions into two of
the ‘‘world’s factories’’. The Yangtze River, one of the largest rivers in the world, extends from Qinghai-Tibet Plateau
out to the East China Sea. The water quality of the Yangtze River has been adversely aﬀected by intense industrial
and urban activities (Shen et al., 2006). The manufacturing
processes associated with industries, such as electronic or
electric products, plastic goods and textiles, are expected
to be potential sources of PFCs. As part of a continuous
study, concentrations of PFCs were monitored in six tributaries of the Pearl River in Guangdong Province, south
China, entering the PRD, in an attempt to locate possible
pollution sources within the delta, and study their contribution to PFC contamination in the open ocean of the
South China Sea. In addition, PFCs were measured in
water samples from four sections along the Yangtze River,
including Chongqing, Yichang, Nanjing and Shanghai,
where the river eventually discharges into the East China
Sea. This study was conducted to provide information on
the baseline concentrations of PFCs in several major Chinese rivers. In addition, chemical composition proﬁles of
PFCs measured in this study can also be used as ﬁngerprints for source identiﬁcation of PFCs in the open ocean
environment.

2. Materials and methods
2.1. Chemicals and standards
The potassium salt of PFOS was purchased from Tokyo
Chemical Industries (Portland, OR). Potassium salts of
perﬂuorohexanesulfonate (PFHxS), perﬂuorobutanesulfonate (PFBS), and perﬂuorooctanesulfonamide (PFOSA)
were provided by the 3M Company. Perﬂuorononanoic
acid (PFNA) was purchased from Avocado Research
Chemicals Ltd. (Lancashire, UK). PFOA was from Strem
Chemicals Industries (Newburyport, MA). Perﬂuorohexanoic acid (PFHxA) was purchased from Wako Pure Chemical Industries Ltd. (Tokyo, Japan). Perﬂuoroheptanoic
acid (PFHpA), perﬂuorodecanoic acid (PFDA), perﬂuoroundecanoic acid (PFUnDA), and perﬂuorododecanoic
acid (PFDoDA) were purchased from Fluorochem Ltd.
(Derbyshire, UK). Perﬂuorotetradecanoic acid (PFTeDA),
perﬂuorohexadecanoic acid (PFHxDA) and perﬂuorooctadecanoic acid (PFOcDA) were from SynQuest Lab Inc.
(Alachua, FL). Purities of all the analytical standards were
P95%. Oasis weak anion exchange (WAX; 6 cc, 150 mg,
30 lm) solid phase extraction (SPE) cartridges were purchased from Waters (Milford, MA). Milli-Q water was
used throughout the whole experiment. Methanol (residual
pesticide and PCB analytical grade), ammonium acetate
(97%), ammonium solution (25%) and acetic acid (99.9%)
were from Wako Pure Chemical Industries (Tokyo,
Japan).
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2.2. Sample collection
Samples of water were collected in November, 2004
from six locations situated along tributaries of the Pearl
River in Guangzhou city, China. Among these, four were
from the West River [near Jiujiang (JJ)], the North River
[near Longjiang (LJ) and Lanshi (LS)], and the Pearl River
[near Yuancun (YC)]. The other two sets of samples were
collected near Xintang (XT) and Dongguan (DG) in January, 2005 (Fig. 1a). Additionally, river water samples were
collected from four sampling areas near Chongqing (CQ),
Yichang (YG), Nanjing (NJ) and Shanghai (SH), along
the Yangtze River which enters the East China Sea near
Shanghai. Each sampling area was further divided into
two or three sub-areas in such a way that PFCs in the water
samples could reﬂect the general contamination status of
the upstream, middle stream and downstream portions of
the Yangtze River (Fig. 1b).
Three liters of surface water were collected from each
location by using a stainless steel bucket which was precleaned by rinsing with methanol, Milli-Q water, and then
water from the speciﬁc location. Water samples were stored
in three 1 l polypropylene (PP) bottles with narrow mouths
and screw caps. Whenever possible, the samples were
extracted within 24 h of collection. Otherwise, water sam-
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ples were stored at 4 ± 2 C before extraction. Disposable
PP laboratory ware, instead of glassware, was used to
prevent the binding of the analyte to glass surfaces. All
Teﬂon-containing laboratory materials were avoided during the experimental and sampling procedures to prevent
possible contamination of the samples. The above procedures provided suﬃciently small detection limits for the
quantiﬁcation of the predominant PFCs at the observed
concentrations.
2.3. Sample extraction
Duplicate water samples were analyzed from each sampling location. All samples of river water were extracted
using Oasis WAX cartridge (0.2 g, 6 cm3). The cartridge
was ﬁrstly pre-conditioned by passing through the cartridge in the sequence of 4 ml of 0.1% ammonium/methanol, 4 ml methanol and 4 ml water at a rate of 2 drops/s.
Depending on the concentrations of the water samples,
300 ml to 1 l samples were passed through the pre-conditioned cartridges at a rate of 1 drop/s. The cartridges were
prevented from drying at all times during sample loading.
They were then washed by 4 ml of 25 mM acetate buﬀer
solution (pH 4) and discarded. The water remained in the
cartridges was completely removed by using vacuum pump

Fig. 1. Sampling locations of water from six tributaries of the Pearl River in Guangzhou and four locations along the Yangtze River (JJ: Jiujiang;
LJ: Longjiang; LS: Lanshi; YC: Yuancun; XT: Xintang; DG: Dongguan; CQ: Chongqing; YG: Yichang; NJ: Nanjing; SH: Shanghai).
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because water remaining in the cartridges would aﬀect the
concentration eﬃciency at a later process and, more importantly, aﬀect the recovery of PFOSA (data not shown). The
target analytes were eluted into two fractions. The ﬁrst
fraction (F1) and second fraction (F2) were eluted by
4 ml methanol and 4 ml of 0.1% ammonium/methanol,
respectively. The eluant was concentrated to 0.5 ml under
a stream of high purity nitrogen.
2.4. Instrumental analysis
Concentrations of PFCs in river water samples were
analyzed by the use of high-performance liquid chromatography with tandem mass spectrometry (HPLC–MS/MS).
Separation of the analytes was performed by an Agilent
HP1100 liquid chromatograph (Agilent, Palo Alto, CA)
interfaced with a Micromass Quattro Ultima Pt mass spectrometer (Waters Corp., Milford, MA) operated in electrospray negative mode. A 10 ll aliquot of extract was
injected onto a Keystone Betasil C18 column (2.1 mm
i.d. · 50 mm length, 5 lm, 100 Å pore size, endcapped)
with 2 mM ammonium acetate and methanol as the mobile
phases starting at 10% methanol at a ﬂow rate of 300
ll/min. The gradient was increased to 100% methanol at
10 min before reverting to the original conditions at
13 min. The desolvation gas ﬂow and temperature were
kept at 610 l/h and 450 C, respectively. The collision energies, cone voltages and MS/MS parameters for the instrument were optimized for individual analytes, and were
reported elsewhere (Taniyasu et al., 2005).
2.5. Data analysis
Each ion of interest in the chromatogram was selected
and integrated. Concentrations of target analytes were
quantiﬁed by using external calibration curves, constructed
using external standards of six diﬀerent concentrations (2,
10, 50, 200, 1000, 10 000 ng/l). Standard calibration curves
exhibited excellent linearity (correlation coeﬃcient >0.99).
Final extracts with concentrations fell outside the ranges
of calibration curve were diluted with methanol to an
appropriate factor and re-injected again.
2.6. Statistical analysis
A Spearman rank correlation analysis was used to assess
the correlations among PFCs in river water samples from
the Pearl River and the Yangtze River. Statistical signiﬁcance was accepted at p < 0.05.
3. Results and discussion
3.1. Quality assurance and control
The quantiﬁcation of PFCs in the laboratory was inﬂuenced by the presence of ﬂuoropolymer in various laboratory appliances. For example, PFOA and PFNA were

used as processing aids in the manufacture of polytetraﬂuoroethylene (PTFE), which existed in some laboratory
equipment (Poulsen et al., 2005). Methods available to
check and minimize possible sources of contamination
have been described in detail previously (Yamashita
et al., 2004). Other important precautions to minimize background interferences and allow the least limits
of detection that were applied have been discussed (Schultz
et al., 2003).
In order to ensure the accuracy of the sampling, extraction and analytical procedures, travel blanks, extraction
procedural blanks, and procedural recoveries were conducted for each set of the samples analyzed. Travel blanks
were used to check for possible sources of contamination
during transportation. They were prepared by pre-ﬁlling
individual 1 l PP bottles with 1 l of water, transported to
the ﬁeld and exposed to the same condition as the real
water samples, which were then brought back to the laboratory for analysis. For each travel blank, 1 l of water was
extracted, and the ﬁnal volume of extract was reduced to
0.5 ml. The concentrations of various PFCs in these blank
samples are summarized (Table 1). Only a small amount of
PFHxA (<0.005–0.04 ng/l) and PFOA (<0.03–0.04 ng/l)
were detected in the travel blanks. These concentrations
were considered to be insigniﬁcant relative to the concentrations in the samples. Procedural blanks were used to
check for possible sources of contamination during extraction procedures. They were prepared following the same
procedures as the real samples except that Milli-Q water
was used instead. Due to variation in the contamination
levels in the water samples from the Pearl River and the
Yangtze River, diﬀerent volumes of water samples, and
thus the corresponding volumes of the procedural blanks,
were extracted, resulting in two sets of procedural blank
values. In general, only trace concentrations of PFOA were
detected (Table 1). Concentrations of the other target analytes in the blank samples were lower than the limits of
quantiﬁcation (LOQs). The LOQs were evaluated based
on several criteria, including (i) the smallest concentration
of standard on the calibration curve that could be accurately measured within ±20% of its theoretical value; (ii)
a signal-to-noise ratio of equal to or greater than 10; (iii)
concentration factor; and (iv) sample volume. Generally,
the LOQs were suﬃcient to enable the analysis of PFCs
in Chinese river water samples, which typically occur at
small concentrations. The LOQs were 0.005 ng/l for
PFBS, PFHxS, PFOS, PFOSA, PFHxA, PFHpA, PFNA,
PFDA, PFTeDA, PFHxDA and PFOcDA; 0.025 ng/l for
PFUnDA and PFDoDA, and 0.03 ng/l for PFOA, when
1 l of water sample was extracted and the ﬁnal volume
was reduced to 0.5 ml.
The results of a recovery test conducted by spiking a
mixture of external standards (100 ng/ml, 10 ll) into water,
and then extracted following the same procedures used for
real samples are shown (Table 1). Suﬃcient recoveries were
achieved for all the PFCs with the mean recoveries of over
88%, and all reported data were not corrected for recover-
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Table 1
Recoveries (%), travel blanks and procedural blanks (ng/l) for individual PFCs
Target
analyte

Travel blank (ng/l) (n = 4)

Procedural blank (ng/l)
Samples from the Pearl River
(n = 3)

Recovery (%) (n = 4)
Samples along the Yangtze River
(n = 3)

Meana

Range

Meana

Range

Meana

Range

Mean

Perﬂuorosulfonyl compounds
PFBS
<0.005
PFHxS
<0.005
PFOS
<0.005
PFOSA
<0.005

n.d.b
n.d.b
n.d.b
n.d.b

<0.03–<0.13
<0.13–<0.67
<0.13–<0.67
<0.03

n.d.b
n.d.b
n.d.b
n.d.b

<0.005
<0.005
<0.005
<0.005

n.d.b
n.d.b
n.d.b
n.d.b

89.1–103
84.2–101
93.7–98.6
82.7–94.0

94.1
90.3
95.3
88.4

Perﬂuorocarboxyl compounds
PFHxA
<0.005–0.04
PFHpA
<0.005
PFOA
<0.03–0.04
PFNA
<0.005
PFDA
<0.005
PFUnDA
<0.025
PFDoDA
<0.025
PFTeDA
<0.005
PFHxDA
<0.005
PFOcDA
<0.005

0.02
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b

<0.13–<0.67
<0.13–<0.67
<0.13–<0.67
<0.13–<0.67
<0.13–<0.67
<0.13–<0.67
<0.03–<0.13
<0.13–<0.67
<0.13–<0.67
<0.03–<0.13

n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b

<0.005
<0.005
0.02–0.04
<0.005
<0.005
<0.025
<0.025
<0.005
<0.005
<0.005

n.d.b
n.d.b
0.03
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b

87.9–104
94.6–96.0
94.0–105
80.3–103
92.8–108
91.3–103
89.1–113
87.2–89.3
87.0–92.3
90.5–100

96.5
95.4
99.1
92.3
97.5
96.8
98.1
88.4
90.0
95.2

Range

a
b

Target analytes with concentrations lower than the LOQ were treated as zero when calculating the mean value.
n.d. represents ‘‘not determined’’.

ies. Reliability of the above method was further veriﬁed
through participation in the First and Second Worldwide
PFC Interlaboratory Studies, and our laboratory reported
acceptable results on both occasions.
3.2. PFC concentrations in tributaries of the Pearl River
within Guangzhou area
Concentrations of perﬂuoroalkyl compounds in river
water samples are summarized (Table 2). A total of 14
PFCs were measured in these samples, however, concentrations of PFHxS and several PFCAs, including PFDoDA,
PFTeDA, PFHxDA and PFOcDA, were all lower than
their respective LOQs. Therefore, results for these chemicals will not be discussed in the present study. PFOS,
PFOSA, and PFOA were detected in all the samples analyzed. Among these chemicals, PFOS and PFOA occurred
at the highest concentrations. Concentrations of PFOS
ranged from 0.90 to 99 ng/l, whereas those for PFOA ranged from 0.85 to 13 ng/l. Lower concentrations, ranging
from 0.073 to 0.34 ng/l, were measured for PFOSA. PFBS,
PFHxA, PFNA, PFDA and PFUnDA were quantiﬁed
(higher than LOQs) in the samples at a lesser frequency.
The maximum concentrations for these chemicals, in the
same sequence, were 3.4, 2.2, 3.1, 0.57 and 0.40 ng/l,
respectively (Table 2).
Total concentrations of perﬂuoroalkyl sulfonates
(PFASs) and PFCAs in the water samples were compared
among locations (Fig. 2). The highest PFAS concentrations
were measured in samples from the location DG, followed
by locations XT and YC; whereas samples from YC contained the highest amount of PFCAs, followed by those
from locations XT and DG. The diﬀerent contributions

of PFAS and PFCA to the total PFCs analyzed in the samples indicated that the sources of PFCs were diﬀerent
among cities. Among the PFCs, PFOS and PFOA generally accounted for 88–100% and 50–87%, respectively, of
the total concentrations of PFASs and PFCAs analyzed.
The predominance of PFOS and PFOA may not only be
due to the direct discharge of these compounds to the environment during manufacturing processes or uses of related
products (Lehmler, 2005; Prevedouros et al., 2006), but
also the possibility of degradation of other precursor compounds to these chemicals, which are regarded as the terminal degradation end-products that are persistent and
bioaccumulative (Ellis et al., 2004; Tomy et al., 2004; Xu
et al., 2004).
Water samples from location DG contained the highest
concentrations of PFOS (99 and 89 ng/l); and those from
location XT contained the highest concentrations of PFBS
(3.4 ng/l), PFDA (0.57 and 0.45 ng/l), and PFHxA (2.2 and
1.9 ng/l). The highest concentrations of PFOSA (0.33 and
0.34 ng/l), PFOA (13 ng/l), PFHpA (4.1 and 4.0 ng/l),
and PFNA (3.1 and 3.0 ng/l) were measured in samples
from location YC. Location JJ was shown to be the least
contaminated area. Water samples collected around this
area contained the least concentrations of PFOS (0.90
and 1.1 ng/l), and PFOA (0.85 and 0.86 ng/l). In addition,
most of the PFCAs in these samples were lower than the
LOQs and thus could not be quantiﬁed (Table 2). The
higher concentrations of PFCs in samples from locations
XT and DG could be due to the discharge of domestic
and industrial wastewater from the nearby industrialized
areas into the small tributaries of Dongjiang River, one
of the major tributaries of the Pearl River. Economic
reforms and the open-door policy since 1978 have led to
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Table 2
Concentrations (ng/l) of PFCs in water samples from tributaries of the Pearl River in Guangzhou and along the Yangtze River (S1 and S2 represent sample 1 and sample 2, respectively)
Sampling
location

Concentrations (ng/l) (n = 2)
Perﬂuoroalkyl sulfonates
PFBS
S1

PFHxS
S2

S1

PFOS
S2

River in Guangzhou
<0.03
<0.13
<0.13
<0.03
<0.13
<0.13
<0.03
<0.13
<0.13
<0.03
<0.13
<0.13
3.4
<0.13
<0.13
<0.13
<0.67
<0.67

PFOSA
S2

0.90
2.3
2.5
12
24
99

1.1
2.3
5.5
12
26
89

0.13
0.097
0.073
0.33
0.19
0.092

0.13
0.092
0.077
0.34
0.12
0.12

0.0077
0.0065

0.0098
0.0061

Sampling points along the Yangtze River
Chongqing
CQ1
<0.01
<0.01
<0.01
CQ2
<0.01
<0.01
<0.01

<0.01
<0.01

0.35
0.15

0.39
<0.01

Yichang
YG1
YG2
YG3

<0.005
<0.005
<0.005

<0.005
<0.005
<0.005

<0.005
<0.005
<0.005

<0.005
<0.005
<0.005

0.61
0.29
0.59

0.39
0.29
0.82

Nanjing
NJ1
NJ2
NJ3

1.1
1.2
0.97

1.1
1.1
1.2

<0.005
<0.005
<0.005

<0.005
<0.005
<0.005

0.38
0.33
0.33

0.37
0.34
0.39

Shanghai
SH1
SH2
SH3

2.1
2.1
0.96

2.1
2.0
0.98

<0.01
<0.01
0.40

<0.01
<0.01
0.36

0.62
1.7
14

0.69
1.8
12

S1

PFHxA

S1

<0.005
<0.005
0.007
0.013
0.0087
0.010
<0.005
0.020
0.053

S2

PFHpA

PFOA

S1

S2

S1

S2

S1

<0.13
<0.13
0.29
1.0
2.2
0.89

<0.13
<0.13
0.35
0.97
1.9
<0.67

0.23
<0.13
0.42
4.1
1.6
<0.67

0.27
<0.13
0.45
4.0
1.5
1.1

0.30
0.32

0.39
0.30

0.31
0.22

0.33
0.27

<0.005
<0.005
<0.005

0.16
0.19
<0.005

0.17
0.18
0.18

0.074
0.089
0.093

0.079
0.085
0.11

4.1
4.3
4.9

0.0097
0.0079
<0.005

0.18
0.16
0.15

0.19
0.23
0.20

0.28
0.39
0.33

0.28
0.29
0.29

2.1
2.1
2.4

0.0085
0.026
0.044

0.39
0.72
5.3

0.40
0.78
5.0

0.65
1.1
8.7

0.55
1.2
9.2

PFNA
S2

PFDA

PFUnDA

S1

S2

S1

S2

S1

S2

0.85
0.89
1.3
13
5.6
4.4

0.86
0.96
1.2
13
5.0
4.3

<0.13
0.14
0.24
3.1
1.1
0.77

<0.13
0.14
0.22
3.0
0.94
<0.67

<0.13
<0.13
0.21
0.44
0.57
<0.67

<0.13
<0.13
0.22
0.41
0.45
<0.67

<0.13
<0.13
<0.13
0.40
0.26
<0.67

<0.13
<0.13
<0.13
0.36
0.20
<0.67

35
28

32
23

<0.01
<0.01

<0.01
<0.01

0.043
<0.01

0.043
<0.01

<0.05
<0.05

<0.05
<0.05

4.3
4.1
5.3

<0.005
<0.005
0.12

<0.005
<0.005
<0.005

0.030
0.014
0.054

0.019
0.017
0.026

<0.025
<0.025
0.081

<0.025
<0.025
<0.025

2.0
2.3
2.6

0.17
0.17
0.15

0.18
0.15
0.17

0.045
0.036
0.034

0.054
<0.005
0.043

0.030
0.026
0.030

0.027
0.036
0.028

0.50
1.0
10

0.48
1.2
9.0

0.17
0.39
3.8

0.11
0.43
3.3

0.10
0.44
3.0

22
33
260

27
35
230

<0.05
0.46
2.4
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niﬁcant adverse health eﬀect to humans at this point in
time.

Total perfluorocarboxylic acids
Total perfluoroalkyl sulfonates

3.3. PFC concentrations in water samples collected along
the Yangtze River
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Fig. 2. Comparison of total concentrations of PFASs and PFCAs in river
water samples among locations of the Pearl River in Guangzhou (JJ:
Jiujiang; LJ: Longjiang; LS: Lanshi; YC: Yuancun; XT: Xintang; DG:
Dongguan).

rapid economic development in China. Guangdong was the
ﬁrst province to be selected for the economic reform.
Dongguan, one of the cities of Guangdong, has experienced rapid growth of industries with an average annual
industrial growth rate of 37% between 1985 and 1992
(Yeh and Li, 1999). This has led to the establishment of
many new industries from 1990 onwards (Yeung, 2001).
For example, the industrial output for plastic products,
electrical equipment, and telecommunication equipment
has increased at rates from 1.94% to 6.44%, 3.99–8.29%,
and 0.54–17.17%, respectively, during the year 1980–1997
(Yeung, 2001). Many of these industries could potentially
involve the use of various PFCs during their manufacturing
processes, and thus could lead to the release of these compounds into the environment. Zhujiang River, another
major tributary of the Pearl River, receives domestic wastes
and industrial eﬄuents from the highly urbanized and densely populated areas of Guangzhou. This may contribute to
the presence of PFCs in water samples near location YC.
The total concentrations of PFASs (12 ng/l) and PFCAs
(22 ng/l) in the water samples from Guangzhou, however,
were comparatively lower than concentrations of total
organochlorine pesticides (23–62 ng/l) and polycyclic aromatic hydrocarbons (PAH) (990–2900 ng/l) (Luo et al.,
2004). Water samples from location JJ were collected along
the Xijiang River. The Xijiang River, situated on the southwest of the PRD, runs through less developed areas. This
may account for the comparatively lower PFC concentrations in samples from location JJ. The total concentrations
of PFASs (1.1 ng/l), and PFCAs (1.1 ng/l) were lower than
those of total PAH concentrations (22–140 ng/l) in the
same river system (Deng et al., 2006). This river system,
in fact, is not only the major source of water supply for
agricultural and industrial activities, but also serves as
the main drinking water supply for a population of about
4.5 million people. Concentrations of PFOS (0.90 and
1.1 ng/l) and PFOA (0.85 and 0.86 ng/l) in the samples
were lower than the lifetime drinking water health advisory
for PFOS (1000 ng/l) (Hansen et al., 2002) and PFOA
(1 50 000 ng/l) (Poulsen et al., 2005). This indicates that
concentrations of PFOS and PFOA measured in water
samples collected from the Pearl River do not pose any sig-

Concentrations of PFCs in water collected along the
Yangtze River are summarized (Table 2). Long-chained
PFCAs, including PFDoDA, PFTeDA, PFHxDA, and
PFOcDA were not detected in water samples from any
locations along the Yangtze River. PFOS, PFHxA,
PFHpA, PFOA, and PFDA were detected in most of the
samples analyzed. PFOS and PFOA occurred at the highest concentrations. Concentrations of PFOS ranged from
<0.01 to 14 ng/l, whereas those for PFOA ranged from
2.0 to 260 ng/l. Lower concentrations of PFHxA, PFHpA,
and PFDA were measured in the water with concentrations
ranging from <0.005 to 5.3 ng/l for PFHxA, 0.074–9.2 ng/l
for PFHpA, and <0.005–3.8 ng/l for PFDA (Table 2).
Our results indicate that Shanghai, the largest city situated in the YRD, is the most heavily contaminated area.
Water samples from location SH3 contained the highest
concentrations of most of the PFCs analyzed except
for PFBS. The highest concentrations of PFOSA, PFHxS,
PFOS, PFHxA, PFHpA, PFOA, PFNA, PFDA, and
PFUnDA were 0.053, 0.40, 14, 5.3, 9.2, 260, 10, 3.8, and
3.0 ng/l. The concentrations of PFCAs were all higher than
the maximum concentrations measured in the water samples from tributaries of the Pearl River within Guangzhou
Province. The second highest concentrations of all the
compounds were again detected in water from the Shanghai region at sampling point SH2, locating upstream from
point SH3. The highest concentrations, in the same
sequence as above, were 0.026, <0.01, 1.8, 0.78, 1.2, 35,
1.2, 0.43, and 0.46 ng/l, respectively. The higher PFAS
and PFCA concentrations in the downstream areas at station SH3 than SH2 indicated the presence of potential discharges of PFCs into the environment, at which the
discharge volumes probably overwhelmed the dilution
eﬀect at the downstream sites. In addition, location SH3,
situated at the lower reach of the river, could serve as a
ﬁnal sink for the contaminants from the upstream river
runoﬀs (Yang et al., 2005). In general, signiﬁcant amounts
of PFOA were found in the water samples collected along
the Yangtze River. A decreasing gradient in PFOA concentrations was observed from upper reaches of the Yangtze
River at Chongqing (locations CQ1 and CQ2), along
Yichang (locations YG1, YG2, YG3) and downstream to
Nanjing (NJ1, NJ2, NJ3) at the lower reaches (Table 2).
This observation could probably be the results of dilution
eﬀects with greater volume of river water at the downstream sections. Chongqing, the principal commercial
and industrial centre of southwestern China, is the second
most contaminated region after Shanghai. The major manufacturing industries at Chongqing include iron and steel,
machinery, motor vehicles, cotton and silk textiles, and
processed food. PFOA concentrations at location CQ1

Yangtze River

SH3
SH2
SH1
NJ3
NJ2
NJ1
YG3
YG2
YG1
CQ2
CQ1

Guangzhou
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Fig. 3. Composition proﬁle of various PFCs in river water samples from tributaries of the Pearl River in Guangzhou and along the Yangtze River
(JJ: Jiujiang; LJ: Longjiang; LS: Lanshi; YC: Yuancun; XT: Xintang; DG: Dongguan; CQ: Chongqing; YG: Yichang; NJ: Nanjing; SH: Shanghai).

(35, 32 ng/l) and CQ2 (28, 23 ng/l) were comparable to
those detected in Shanghai. Slightly lower concentrations
of PFOS (0.35, 0.39 ng/l), PFHxA (0.30, 0.39 ng/l), and
PFHpA (0.31, 0.34 ng/l) were detected in water samples
from location CQ1.
3.4. Composition proﬁle of various PFCs
The proﬁles of relative concentrations of 10 PFCs are
shown in Fig. 3. The samples from tributaries of the Pearl
River in Guangzhou exhibited completely diﬀerent proﬁles
or relative concentrations of PFCs compared to those from
Yangtze River. However, the patterns were less variable
among sampling locations within Guangzhou and along
the Yangtze River. Generally, PFOS was the dominant
chemical in water samples from locations DG, XT, LS
and LJ in Guangzhou, contributing 94.1%, 63.9%, 61.5%
and 66.6%, respectively, of the total PFCs analyzed. The
relative contributions of PFOA in these samples were smaller and their contributions, in the same sequence, were
4.4%, 13.4%, 19.1% and 26.7%, respectively. Relatively
large proportions of the total concentrations of PFCs were
contributed by PFOA in water collected along the Yangtze
River. PFOA contributed up to 98% of the total PFC composition in the samples from CQ. The contributions of
PFOA for the other locations (YG, NJ and SH) ranged
from 48.1% to 87.8%. The diﬀerence in composition patterns indicated that the potential sources of PFCs were
quite diﬀerent between the tributaries of the Pearl River
in Guangzhou and the Yangtze River. Greater PFOS contributions in samples from Guangzhou implied a predominance in the use of perﬂuorosulfonyl substances; whereas
perﬂuorocarboxyl compounds were predominantly used
in the YRD region. A considerable portion of PFCs was
contributed by PFBS (22.9–26.1%) in water from location
NJ, while concentrations of PFBS were relatively lower
in water from other locations. This result indicates the existence of potential sources of PFBS near NJ.

3.5. Correlations among various PFCs
The correlations among various PFCs from all the sampling locations were examined (Table 3). Statistically signiﬁcant correlations were found among PFOS and other
compounds including PFOSA, PFNA and PFHpA. The
positive correlations suggested the possibility of a common
pollution source for these chemicals in the Chinese environment. Signiﬁcant positive correlations were also observed
for most of the perﬂuorocarbonyl compounds (Table 3).
These ﬁndings are in agreement with the hypothesis that
telomer alcohols degraded to other PFCAs. For example,
PFCAs with diﬀerent carbon chain lengths, including
PFNA, PFHpA, PFHxA, PFPeA, PFBA, were detected
following the atmospheric oxidation of telomer alcohols
(FTOHs) by chlorine atoms (Ellis et al., 2004). A recent
study also showed that atmospheric oxidation of FTOHs
could be one of the major pathways leading to the formation of PFCAs in remote areas (Hurley et al., 2004). Their
positive correlations suggested the possibility of common
sources of these compounds in water samples in Guangzhou and along the Yangtze River.
3.6. Comparison of PFC concentrations in Chinese rivers
with other studies
Comparison of PFC concentrations in water samples
from Guangzhou and the Yangtze River with those from
other countries are summarized (Table 4). Concentrations
of PFOS and PFOA in water samples from Guangzhou
and along the Yangtze River were either comparable to
or higher than those measured in coastal seawaters in Hong
Kong and the PRD region (So et al., 2004). PFOS concentrations in samples from most of the locations, except for
XT and DG, fell within the ranges measured for coastal
water samples from Hong Kong (0.09–3.1 ng/l) and the
PRD (0.02–12 ng/l). The highest PFOS concentrations
from Guangzhou was detected at locations DG (99 ng/l)
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Table 3
Correlation coeﬃcient of Spearman rank correlation analysis of perﬂuorosulfonic acids and perﬂuorocarboxylic acids
Target analytes

rs

P value

PFOS:PFHxS
PFOS:PFBS
PFOS:PFOSA
PFOS:PFDA
PFOS:PFNA
PFOS:PFOA
PFOS:PFHpA
PFOS:PFHxA

0.306
0.044
0.751
0.417
0.682
0.098
0.561
0.478

0.232
0.867
0.001b
0.096
0.003b
0.708
0.019a
0.052

PFHxS:PFBS
PFHxS:PFOSA
PFHxS:PFDA
PFHxS:PFNA
PFHxS:PFOA

0.114
0.102
0.411
0.413
0.408

0.662
0.696
0.101
0.099
0.104

PFHxS:PFHpA
PFHxS:PFHxA
PFBS:PFOSA
PFBS:PFDA
PFBS:PFNA
PFBS:PFOA
PFBS:PFHpA
PFBS:PFHxA

0.408
0.408
0.001
0.515
0.554
0.232
0.520
0.423

0.104
0.104
0.998
0.034a
0.021a
0.371
0.032a
0.091

PFOSA:PFDA
PFOSA:PFNA
PFOSA:PFOA
PFOSA:PFHpA
PFOSA:PFHxA

0.221
0.498
0.096
0.508
0.389

0.394
0.042a
0.715
0.037a
0.123

PFDA:PFNA
PFDA:PFOA
PFDA:PFHpA
PFDA:PFHxA

0.743
0.506
0.747
0.705

0.001b
0.038a
0.001b
0.002b

PFNA:PFOA
PFNA:PFHpA
PFNA:PFHxA

0.375
0.869
0.770

0.138
0.000b
0.000b

PFOA:PFHpA
PFOA:PFHxA

0.537
0.717

0.026a
0.001b

PFHpA:PFHxA

0.911

0.000b

a
b

Correlation is signiﬁcant at the 0.05 level.
Correlation is signiﬁcant at the 0.01 level.
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and was about 8 times higher than the maximum concentrations measured in the PRD region (12 ng/l) (So et al.,
2004), but was comparatively lower than the maximum
concentrations measured in waters from Lake Ontario
(121 ng/l) (Boulanger et al., 2004), Tama River (157 ng/l)
(Saito et al., 2003), and Tennessee River (144 ng/l) (Hansen
et al., 2002). The concentration was also lower than the
maximum concentrations (651 ng/l) observed at Lake Shihwa in south Korea, where the area is heavily inﬂuenced by
the industrial eﬄuent from the Shihwa industrial complex
(Rostkowski et al., 2006); and were lower than the highest
concentrations detected in surface waters of the Etobicoke
Creek (2 200 000 ng/l) following an accidental release of
ﬁre-retardant foam (Moody et al., 2002).
PFOA concentrations in tributaries of the Pearl River in
Guangzhou and most of the samples collected along the
Yangtze River were comparable to those found in Hong
Kong and the PRD. Only samples from locations CQ
and SH contained PFOA concentrations higher than the
maximum concentrations measured in water samples from
Hong Kong (5.5 ng/l) and the PRD region (16 ng/l). In the
present study, the maximum PFOA concentrations was
measured in water samples at location SH3 (260 ng/l) in
Shanghai. This concentration was approximately 2 times
lower than the maximum concentration (598 ng/l) from
Tennessee River in the United States, where the water quality was aﬀected by the wastewater discharges from a ﬂuorochemical manufacturing facility (Hansen et al., 2002).
The PFOA concentration at SH3 was greater than the
highest level measured in surface waters of Tokyo Bay
(192 ng/l), known to be one of the most polluted areas in
Japan (Yamashita et al., 2004). This level was also found
to be higher than the maximum concentration measured
in waters from the Great Lakes (70 ng/l) (Boulanger
et al., 2004) and Lake Shihwa from south Korea (62 ng/l)
(Rostkowski et al., 2006).
The levels of PFOS and PFOA in the samples from China
are much lower than the maximum levels quantiﬁed in water
samples from the Tyndall Air Force Base and the Naval Air

Table 4
Global comparison of PFOS and PFOA concentrations in water samples from Guangzhou and along the Yangtze River with those from other countries
Location

Sample type

Concentration (ng/l)
PFOS

PFOA

Guangzhou, China
Yangtze River, China
Lake Ontario (Great Lakes)
Tama River, Japan
Tennessee River, US
Hong Kong
Pearl River Delta, China
Lake Shihwa, south Korea
Ectobicoke Creek, Canada
Tokyo Bay, Japan
Tyndall Air Force Base
Naval Air Station Fallon

Surface river water
Surface river water
Freshwater
Surface freshwater
Downstream surface freshwater
Surface seawater
Surface water
Surface freshwater
Freshwater
Surface freshwater
Freshwater
Freshwater

0.90–99
<0.01–14
15–121
0.7–157
74.8–144
0.09–3.1
0.02–12
2.24–651
n.d.a–2 210 000
12.7–25.4
147 000–2 300 000
n.d.a–380 000

0.85–13
2.0–260
15–70
n.a.a
140–598
0.73–5.5
0.24–16
0.9–62
n.d.a–10 600
154–192
n.d.a–1 16 000
n.d.a–6 570 000

a

n.a. and n.d. represent ‘‘not analyzed’’ and ‘‘not detected’’, respectively.
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Present study
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Moody et al. (2002)
Yamashita et al. (2004)
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Station Fallon in the United States. The maximum PFOS
and PFOA in waters from the Tyndall Air Force Base were
2 300 000 ng/l and 1 16 000 ng/l, respectively, whereas those
from the Naval Air Station Fallon were 380 000 ng/l and
6 570 000 ng/l, respectively. Such high PFC concentrations
were the consequence of the use of aqueous ﬁlm-forming
foams associated with ﬁre-ﬁghting training activities at these
sites in the past (Schultz et al., 2004).
In general, PFC concentrations in waters from
Guangzhou and the Yangtze River were either comparable to or higher than those recorded in Hong Kong and
the PRD, but were found to be lower as compared to
those from other countries. The only exception is the
comparatively higher PFOA concentration in Shanghai
indicating the severity of PFC contamination in certain
areas in China.
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