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Abstract Having been largely used in industrial and
household products, perfluoroalkyl acids (PFAAs) ap-
pear in environmental and biological systems with prev-
alence and persistence and have raised great concern in
recent years. The present study is aimed at studying
concentrations and composition profiles of 16 PFAAs
in surface sediments collected from 51 sampling loca-
tions in 4 main rivers of the Pearl River Delta, one of the
economy-developed areas in China. The total PFAA
concentrations (∑ PFAAs) were determined in a wide
range of 1.89–15.1 ng g−1 dw (dry weight) with an
average concentration to be 3.54 ng g−1 dw. Higher ∑
PFAAs were observed in the downstream of Dongjiang
River and the Pearl River, possibly due to the discharge
of industrial wastewater. Perfluoropentanoic acid

(PFPeA) and perfluorooctane sulfonate (PFOS) were
the dominant PFAAs, accounting for 51 to 85% of ∑
PFAAs in 27% of the samples. High PFPeA concentra-
tions in sediments of urban river were scarcely observed
in previous studies worldwide. The sources of short-
chain perfluoroalkyl carboxylic acids (PFCAs) were
significantly different from those of other PFAAs. Pre-
liminary hazard assessment proved negligible for PFOS,
perfluorooctanoic acid (PFOA), PFPeA, and
perfluorohexanoic acid (PFHxA) concentrations in sed-
iments from rivers of the Pearl River Delta.

Keywords Perfluoroalkyl acids (PFAAs) . Sediment
levels . The Pearl River Delta (PRD) . Risk quotients

Introduction

Perfluoroalkyl acids (PFAAs) were subjected to extensive
production and use in industrial and household products,
i.e., textile coatings, firefighting foams, carpet, pesticides,
stain repellents, and lubricants during the past decades
(Kissa 2001) because of their special properties such as
chemical and thermal stability, high surface activity
(Lindstrom et al. 2011), and hydrophobic and negligible
nature (Giesy and Kannan 2002). Consequently, high de-
tection rates of PFAAs have been found in a variety of
environmental matrices, i.e., surface and drinking water
(Ahrens 2011; Post et al. 2013;Xiao et al. 2013; Yamashita
et al. 2005), soil (Kim et al. 2014; Meng et al. 2013; Wang
et al. 2013), air (Chaemfa et al. 2010; Dreyer et al. 2009; Li
et al. 2011; Liu et al. 2015a), and biological tissues (Houde
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et al. 2006; Giesy and Kannan 2001; Pérez et al. 2013). As
the degradation products of numerous precursor
perfluorinated compounds, PFAAs including
perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkane sulfonic acids (PFSAs) have been receiv-
ing much concerns in recent years due to their environ-
mental persistence (Dreyer et al. 2009), bioconcentration
(Higgins et al. 2007), long-distance transmission (Dreyer
et al. 2009; Stock et al. 2007), and adverse environmental
impact (Lau et al. 2007).

The water solubility of PFAAs decreases with the in-
crease of the alkyl chains, so that long-chain PFAAs
(C > 8) appear to be bound to sediments (Ahrens et al.
2009a, 2010). Owing to a fairly high solubility
contradistinguished with other POPs (Nakata et al. 2006)
and negligible vapor pressure, most short-chain PFAAs
(C ≤ 8) can accumulate in surface water and transport
based on a variety of hydrological parameters (Yamashita
et al. 2005). Sediments are usually regarded as a sink for
hydrophobic organic contaminants such as long-chain
PFAAs, frequently serving on a source making them re-
leased back to waters (Prevendouros et al. 2006). PFAAs,
remobilized in sediment, could be bioavailable to aquatic
organism (Higgins et al. 2007). Previous studies have
indicated that PFAAs tend towards bioaccumulating in
living beings lying on lower trophic levels and may gen-
erate biomagnification along the food chain (Houde et al.
2006; Lescord et al. 2015; Li et al. 2008; Loi et al. 2011;
Martin et al. 2004), posing potential threat to the health of
people via consuming aquatic foods (Berger et al. 2009;
Picó et al. 2011; Schuetze et al. 2010). PFAAs have been
detected worldwide in sediments including China (Bao
et al. 2009; Bao et al. 2010b; Zhao et al. 2013; Xu et al.
2013), Japan (Ahrens et al. 2009a, 2010; Senthilkumar
et al. 2007), Korea (Naile et al. 2010), the USA (Lasier
et al. 2011; Senthil et al. 2009), Australia (Thompson et al.
2011), and a number of EU countries (Becker et al. 2008;
Beškoski et al. 2013; Campo et al. 2016; Gomez et al.
2011; Labadie and Chevreuil 2011; Picó et al. 2012). For
instance, perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) have been frequently de-
tected in environmental samples in the range of single
digits to hundreds ng g−1 and recognized as emerging
global pollutants (Taniyasu et al. 2007).

The factors, i.e., the movement characteristics between
the liquid and solid phases (Higgins and Luthy 2006),
volatilization (Dreyer et al. 2009), hydrodynamic condi-
tions (Ahrens et al. 2009b), and carbon chain length of
PFAAs (Martin et al. 2003) that influence distribution of

PFAAs in sediment, have also been investigated.
Sediment-associated PFAAs were mainly derived from
the effluents of wastewater treatment plants (WWTPs)
with low PFAA removal efficiency (Sinclair and Kannan
2006; Xiao et al. 2012; Yu et al. 2009) and the leaking of
PFAA-manufacturing processes (Awad et al. 2011).

China has been undergoing rapid industrialization and
is becoming one of the world’s largest and fastest growing
economies. For instance, 220–240 t a−1 PFOS and PFOS-
related chemicals were produced for export and domestic
sale in recent years (Xie et al. 2013b). The Pearl River
Delta (PRD) is known as one of high urbanization area
regions in the world and one of the most rapid economic
development regions in China, contributing to around 10%
of China’s annual gross domestic product (GDP). The
PRD has an area of approximate 56,000 km2 with Xijiang
River, Dongjiang River, Beijiang River, and the Pearl
River running through it. The effluents from WWTPs
and industrial enterprises are the main sources of PFAAs
in rivers of the PRD (Liu et al. 2015b). PFAAs have been
detected in rivers of the PRD (Bao et al. 2010b; So et al.
2007; Zhao et al. 2014). However, previous studies were
restricted to demonstrate the distribution of PFAA in sed-
iment in the Pearl River flowing through Guangzhou and
Foshan (Bao et al. 2010b; So et al. 2007), while the levels
of PFAAs in sediments of the other rivers including
Xijiang River, Dongjiang River, and Beijiang River, which
are main tributaries in the PRD as well, were not moni-
tored. This study was aimed at illustrating PFAA spatial
distribution in sediments from rivers of the PRD and
further assessing the potential risks of these compounds
to the aquatic organisms in the rivers through the calcula-
tion of risk quotients.

Materials and methods

Chemicals and reagents

Acronyms and molecular formulas of 16 PFAAs and 8
internal standards (ISs) used in this study were described
in Table S1. Methanol (SupraSolv grade) was supplied
from J.T. Baker Technologies (USA). HPLC-grade
methanoic acid, ammonium acetate, and ammonia
hydroxide were supplied by Dikma Technologies
(USA). The cartridges (6 mL, 0.15 g) used in solid
phase extraction (SPE) were purchased from Waters
(Milford, MA, USA).
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Sample collection

In August 2013, 51 surface sediment samples with the
depth ranges of 0–5 cmwere collected from rivers of the
PRD (Fig. 1). Table S2 presented the geographic

locations of all the sampling sites. At each sampling
site, approximately 0.5 kg of surface sediment was
collected and stored in polypropylene (PP) bag pre-
cleaned with methanol followed by Milli-Q water with
electrical resistivity being greater than 18.2 MΩ cm and

Fig. 1 Sampling sites in rivers of the Pearl River Delta (PRD), China
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frozen at −20 °C before freeze-dried. After freeze-dried
at −50 °C in a stainless steel container for 72 h, the
sediments were homogenized by sieving through a
100-mesh sieve. After pretreatment, all the collected
samples were lastly put into PP bags until the ex-
traction. The method of extracting sediment samples
and exhaustive information about the instrumental
analysis were described by Liu et al. (2015b).

Sample preparation and instrument analysis

The method of extracting sediment samples was based on
the method described by Liu et al. (2015b). Briefly, 5 ng of
IS mix and 10 mL of methanol were added into a 15-mL
PP centrifuge tube, in which 1.0 g sample (dryweight) was
previously added. Each tubewas ultrasonically extracted at
60 °C and centrifuged for 10 min after shaken for 60 min.
The extraction process was repeated twice and all extracts
were combined in 100-mLPP centrifuge tube. The extracts
were concentrated to dryness using a gentle stream of
nitrogen gas, and then, 8 mL of 2% methanoic acid and
42mL of ultra-purewater were added in each PP tube. The
mixture was passed through WAX cartridge which was
preconditioned with 2 mL of methanol and 2 mL of ultra-
pure water. Two-milliliter of 2% methanoic acid, 2 mL of
methanoic acid in methanol (v/v = 1:1), and 2 mL of
methanol were used to gradiently wash each cartridge,
and then, 4 mL of 9% ammonia in methanol was applied
to elute PFAAs. The elutes were dried under a nitrogen
stream and 1 mL of methanol was added. Each concen-
trated samplewas filtered through a nylonmembrane (pore
diameter 0.22 μm; Millipore, Billerica, MA).

PFAAs were analyzed using an Agilent 1290 high-
performance liquid chromatography system coupled
with an API 3000 tandem triple-quadrupole mass spec-
trometry (HPLC-MS/MS; Agilent Technologies, CA,
USA). Exhaustive information about the instrumental
analysis were described by Liu et al. (2015b).

Quality assurance/quality control

To check for the possible contaminations occured in the
whole experimental process, the analysis of procedural
blanks were conducted every 10 samples. The instru-
mental background was monitored by use of performing
the solvent blanks comprising cleaned Milli-Q water
and methanol (1:1, v/v). The calibration curves were
established by a series of gradient concentrations of
external standards added by 1 ng mixed ISs with

regression coefficients (r2) for all PFAAs being from
0.9907 to 0.9997. The limit of detection (LOD) and the
limit of quantification (LOQ) were determined using a
signal-to-noise (S/N) ratio of 3 and 10, respectively.
LODs, LOQs, and the spiked recoveries for all PFAAs
were listed in Table S3. All PFAA concentrations were
not recovery corrected. SPSS 19.0 (IBM Inc., USA) and
Origin 8.6 (Origin Inc., USA) forWindowswere used to
perform statistical analyses.

Results and discussion

Levels of PFAAs in sediments of the PRD

Concentrations of ten PFAAswere higher than their LODs
in surface sediments from rivers of the PRD (for details,
see Table S2). An overview of PFAA concentrations in
surface sediments was presented in Fig. 2. PFHpA,
PFTrDA, PFTeDA, PFHxDA, PFODA, and PFDS were
not detected in the collected sediment samples. The total
PFAA concentrations (∑ PFAAs) ranged from 1.89 to
15.1 ng g−1 dw (dry weight), with an average value of
3.54 ng g−1 dw. Spatial distributions of ∑ PFAAs, ∑
PFCAs, and ∑ PFSAs in sediments from the PRD were
shown in Fig. S1. Generally, ∑ PFAAs in the sediments
increased with the direction of flowingwater. For example,
∑ PFAAs in sites 40 and 36 that, respectively, were
situated in the downstream of the Pearl River and
Dongjiang River were approximately four times higher
than the mean value of ∑ PFAAs, while lower levels of
∑ PFAAs were observed in the sediments collected from
the upper reaches. The difference could be attributed to
anthropogenic discharges. For instance, a large industrial
park named Newton and Dongguan electronic industry
located at 3 km of the upstream from site 40 had an effect
on ∑ PFAAs in the sediments. In addition, high ∑ PFAAs
were also observed in sites 35 and 39 situated in the river
section of Guangzhou, site 18 situated in the river section
of Jiangmen, and sites 46 and 47 situated in the river
section of Dongguan, where the conventional industrial
cities distributed in southern China. Except for the influ-
ences on ∑ PFAAs by the effluents from industries and
WWTPs, the flood gates can also obstruct the sediment
transport to the truck stream, which resulted in higher ∑
PFAAs in the sediments of sites 18, 39, and 46. The
sediment prevented by the flood diversion gate is usually
used for composting and land application, leading to a
secondary PFAA contamination in soil (Busch et al.
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2010). In the other sampling sites, comparable ∑ PFAAs
which were measured at low levels of ∑ PFAAs were
observed. Consequently, ∑ PFAAs in the sediments from
downstream rivers of the PRD were higher than those of
upstream rivers. Furthermore, the organicmatter content of
sediment was usually regarded as one of the most impor-
tant factors influencing the sorption process of PFAAs to
the sediments (Higgins and Luthy 2006). The contents of
total organic carbon (TOC) in the upstream sediments
(mean 0.91%) in this study were significantly less than
those in the downstream sediments (mean 1.32%), indi-
cating a weaker affinity for PFAAs especially for long-
chain PFAAs in the upstream sediments and thus resulting
in a lower concentration of PFAAs in the upstream
sediments.

Among the PFAAs, PFPeA and PFOS were the two
predominant contaminants with average values of 0.995
and 0.879 ng g−1 dw, respectively. PFPeA concentrations
ranged from 0.126 to 11.8 ng g−1 dw (median 0.222 ng g−1

dw; coefficient of variation 219%) and accounted for 4–
85% of the ∑ PFAA concentrations. High levels and
frequencies (≥75%) of PFPeAwere found in the sediments
of sites 36, 43, 40, and 17 located in the urban rivers of
Guangzhou, Dongguan, and Zhongshan, which were rec-
ognized as well-developed manufacturing cities (Liu et al.
2015b). Meanwhile, concentrations of PFOS were in the
range from not detected (nd) to 2.44 ng g−1 dw (median
0.760 ng g−1 dw; coefficient of variation 48%) and occu-
pied up to 46% of the ∑ PFAAs. It is noteworthy that
PFOA was found to be the most prevalent PFAA in

sediment reported in previous studies (Bao et al. 2009;
Xu et al. 2013; Theobald et al. 2012; Zhao et al. 2013), as
compared to lower concentrations of PFOA (mean
0.270 ng g−1 dw) in sediments from the PRD in the present
study. PFBS had been generally measured in urban water
and offshore oceans (Cai et al. 2012; Labadie and
Chevreuil 2011; Liu et al. 2015b; Wang et al. 2011). In
river sediments of the PRD, the concentrations of PFBS
were below the LOD except for a few heavily contaminat-
ed sites, e.g., 46, 47, 29, 30, and 31, which were mainly
distributed in Dongjiang River. The different profiles of
homologous PFAAs in sediment between the PRD and
other regions might be ascribed to the land utilization and
the local pollution sources (Zhao et al. 2013).

For accurately understanding the possible sources of
PFAAs, hierarchical cluster analysis (HCA) which was
proved as a credible method for source apportionment of
PFAAs in sediments (Xu et al. 2013) was employed to
investigate the sources of PFAAs in sediments from
rivers of the PRD. The measured concentrations of
PFAAs were standardized using the following formula:

Zij ¼ Cij−C0
i

SDi

where Zij is the standardized concentration of the ith
PFAAs from the jth sampling location, Cij is the mea-
sured concentrations of the ith PFAAs from the jth
sampling location, C0

i is the average concentrations of
the ith PFAAs from all the sampling locations, and SDi

Fig. 2 Box and whisker plots of
perfluoroalkyl acid (PFAA) con-
centrations from 51 surface sedi-
ment samples from rivers of the
Pearl River Delta
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is the standard deviation of the ith PFAAs from all the
sampling locations.

Two groups of nine PFAAs were discriminated in
Fig. 3. The other PFAAs including PFHpA, PFDoA
PFTrDA, PFTeDA, PFHxDA, PFODA, and PFDS were
not listed due to their extremely low or zero detection rates.
Group A included PFPeA and PFHxA as PFPeA cluster,
and PFOS, PFBS, PFHxS, PFOA, PFDA, PFNA, and
PFUdAwere clustered in groupB as PFOS cluster. PFAAs
in the identical group may be from the same source
(McGregor et al. 2012; Shi et al. 2012). There were
obvious different sources between short-chain PFCAs
and medium/long-chain PFCAs. In group A, the high
concentration of PFPeA scarcely observed in previous
reports worldwide was found, which may be due to the
shift of PFAA application because of the phaseout of
PFOS and PFOS-related compounds since 2009. As a
short-chain PFAA, PFPeA was likely a substitute for
PFOS-based or PFOA-based production. In addition, the
extremely uneven spatial distribution of PFPeA (coeffi-
cient of variation 219%) may illustrate the anthropogenic
discharge in some areas. In group B, PFOS was the
representative PFAA with coefficient of variation only
being 48% (the minimum value of all PFAAs), which
could explain that PFOS in most sediments of the PRD
may be derived from the deposit after historical discharge.
Completely as developed countries have phase out the
production of PFOS, China is still a main producer and
limited user of PFOS-based production. The emission of
PFOS in the PRD was estimated to be 5.0–26 kg a−1,
which is an intensively discharged region of China (Xie

et al. 2013a). In addition, there were significantly different
sources between medium/long-chain PFCAs and PFSAs
(P < 0.05). The sources of PFCAs include PFCA manu-
facture, fluoropolymer manufacture and dispersions, aque-
ous firefighting foam products, consumer and industrial
products, and the degradation of fluorotelomer-based prod-
ucts (Prevendouros et al. 2006). PFOS and other PFSAs
were mainly applied to the electrochemical fluorination
process (Hekster et al. 2003) and mist suppressant (Kelly
and Solem 2008; Xiao et al. 2012).

Global comparison of PFOS and PFOA concentrations
in sediment

A comparison of PFOS and PFOA concentrations in
sediments was shown in Fig. 4 using the minimum and
maximum concentrations of PFOS and PFOA, even
though PFOA was not the predominant PFAA in sedi-
ments in this study. Higher concentrations of PFOS in
sediments were found in a few rivers in Japan
(Senthilkumar et al. 2007) and Haihe River in China (Li
et al. 2011a), while lower concentrations were observed in
German Roter Main River (Becker et al. 2008), Hun River
(Bao et al. 2009), and Yangtze River near Shanghai in
China (Bao et al. 2010b). Comparable PFOS concentra-
tions were found in this study with other studies including
the Pearl River (Bao et al. 2010b) and Dagu Drainage
River (Li et al. 2011b). Furthermore, PFOS concentrations
in sediments from some Japanese rivers (Senthilkumar
et al. 2007) and Haihe River, China (Li et al. 2011a),
located in the highly industrialized areas were about two

Fig. 3 Results of two-
dimensional hierarchical cluster
analysis (HCA) map for nine
PFAAs
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Fig. 4 Concentrations (minimum, maximum) of PFOS and
PFOA in sediments collected from rivers of the Pearl River Delta
in ng g−1 dw (Li et al. (2011a) (a), Bao et al. (2010b) (b), Bao et al.
(2009) (c), Yang et al. (2011) (d), Zhao et al. (2013) (e), Senthil
et al. (2009) (f), Becker et al. (2008) (g), Senthilkumar et al. (2007)

(h), Bao et al. (2010a) (i), and Corsolini et al. (2012) (j)). Note that
the concentrations of PFOS and PFOA below the limit of detection
(LOD) reported in the literatures were statistically recognized as
zero in the figure
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to three times higher than those in rivers of the PRD in this
study and Dagu Drainage River (Li et al. 2011b). The
PFOS concentrations in Dagu Drainage River were ap-
proximately one order of magnitude higher than those in
Roter River (Becker et al. 2008); Savannah River estuary,
USA (Senthil et al. 2009); Hun River (Bao et al. 2009);
Liao River (Yang et al. 2011); and Yangtze River near
Shanghai in China (Bao et al. 2010b), suggesting the
influences of geographical variations of industries on
PFOS concentrations in the sediments.

Higher levels of PFOAwere observed in sediments from
Laizhou Bay adjacent rivers (Zhao et al. 2013) andXi River
in China (Bao et al. 2010a) with more than two orders of
magnitude higher than a few investigated rivers such as
Yangtze River near Shanghai and the Pearl River (Bao
et al. 2010b). In addition,GangesRiver in Indiawas another
PFOA heavily polluted river with the concentration of
PFOA being approximately one order of magnitude higher
than that inDaguDrainageRiver sediments (Li et al. 2011a)
and rivers of the PRD in this study. Relatively lower con-
centrations of PFOAwere observed inHunRiver (Bao et al.
2009) and Liao River in China (Yang et al. 2011), Roter
River in Germany (Becker et al. 2008), and Savannah River
estuary in the USA (Senthil et al. 2009).

There are differences in the distribution between different
PFAAs. Generally, PFOS were detected in higher concen-
trations than PFOA in sediments (Fig. 2), likely due to the
higher sediment/water partitioning coefficient of PFOS than
that of PFOA (Ahrens 2011; Higgins and Luthy 2006; Li
et al. 2011a; Liu et al. 2015b). However, a few exceptions
were also reported in previous studies (Nakata et al. 2006;
Yang et al. 2011). Remarkably higher concentrations of
PFOA than PFOS were reported in sediments collected
from the Xiaoqing River near Laizhou Bay and Xi River
belonging to Daliao River system, which were all situated
downstream from a polytetrafluoroethylene-manufacting
plant regarded as the source of PFOA (Zhao et al. 2013;
Bao et al. 2010a). In this study, higher levels of PFOS than
PFOAwere observed in almost all the sampling sites except
sites 20 and 34, suggesting greater sediment contamination
of PFOS than PFOA in the PRD.Xie et al. (2013a) reported
that 93% of PFOS emission were from textile treatment and
metal plating (7.4 t in 2010), ranking second in all provinces
in China. On the other hand, the production and/or use of
PFOA in Guangdong Province has been unknown to dis-
charge into the environment. Further studies on source
differentiation and statistics of discharge of PFOA in China
should be performed for a better understanding of ecological
risk of PFAAs.

Preliminary environmental risk assessment of PFAA
exposure to zoobenthos

The bioaccumulation and toxicity of PFAAs in sediment-
water-benthic organism system have been investigated in
previous studies (Giesy et al. 2010; Higgins et al. 2007;
Loi et al. 2011). PFOS and PFNA were the most
bioaccumulative PFAAs for the oligochaete Lumbriculus
variegatus in contaminated field sediments (Higgins et al.
2007). Trophic magnification was observed for PFOS,
PFDA, PFUdDA, and PFDoDA in a subtropical food
web (Loi et al. 2011). Lin et al. (2010) illustrated that
PFOS with concentration up to 6.05 μg L−1 in Nanmen
River would cause a considerable risk to local aquatic
ecosystem. While there are many researches about the
toxicities of PFOS and PFOA for the past few years
(Ding and Peijnenburg 2013; Liu et al. 2013, 2014),
the predicted no-effect concentration (PNEC) and environ-
mental quality standard (EQS) in river sediment have been
scarcely ever reported in the previous studies. Given this,
sediment PNEC and EQS can be calculated from the
partitioning coefficients due to unavailability of the toxicity
data (Lepper 2002). The PNECs in freshwater for PFOA
(1250 μg L−1) and PFOS (25 μg L−1) were obtained by
Colombo et al. (2008) and Brooke et al. (2004),
respectively. The EQS for PFOA (0.1 μg L−1) and related
short-chain PFAAs including PFPeA (3 μg L−1) and
PFHxA (1 μg L−1) were derived by Valsecchi et al.
(2016). The organic carbon normalized partitioning coef-
ficients (Koc) for PFOA (log Koc = 2.11 L kgoc

−1) and
PFOS (log Koc = 2.68 L kgoc

−1) were derived by Higgins
and Luthy (2006) in an experimental simulation research.
Liu et al. (2015a) derived the log Koc (L kgoc

−1) 4.67 for
PFOA, 5.07 for PFOS, 4.94 for PFPeA, and 4.80 for
PFHxA in rivers of the PRD with the same sampling
locations as this study. In addition, the non-TOC-
normalized PNECs were also calculated using partitioning
coefficient (Kd; 0.1973 L kg−1 for PFOS and
0.0690 L kg−1 for PFOA) between sediment and dissolved
phase cited by Ferrey and Wilson (2009). The relatively
low Kd values calculated in this study will cause the
overestimation of PNECs. The TOC-normalized PNECs
and non-TOC-normalized PNECs based on the above
coefficients were listed in Table S5. The sediment EQSs
for PFOA, PFPeA, and PFHxA based on the
partitioning coefficients derived by Liu et al. (2015b)
were listed in Table S6.

In this study, the risk quotients (RQs) were calculated
based on the ratios of detected concentrations and
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PNECs/EQSs to assess the environmental risk of
PFAAs in sediments from rivers of the PRD. Table S4
listed the TOC-normalized concentrations of PFOS,
PFOA, PFPeA, and PFHxA. The potential risk of PFAA
in sediments was higher in the estuaries than the terres-
trial rivers of the PRD. For instance, the highest TOC-
n o rma l i z e d c o n c e n t r a t i o n o f PFOS wa s
2.13 ng·(g TOC%)−1 dw at site 23 near the estuary of
Xijiang River, followed by 1.83 ng·(g TOC%)−1 dw at
sites 39 near the Pearl River Estuary and 46 in
Dongguan section of Dongjiang River. The highest
TOC-normalized concentration of PFOA was detected
to be 0.94 ng·(g TOC%)−1 dw at site 34 near the Pearl
River Estuary. The highest TOC-normalized concentra-
tions of PFPeA and PFHxAwere, respectively, 9.42 and
1.64 ng·(g TOC%)−1 dw at site 36 near the Pearl River
Estuary. All the RQs of PFOS and PFOAwere less than
1 (Table S5), exhibiting a low risk to zoobenthos in
rivers of the PRD, even though the results were obtained
based on the overestimated non-TOC-normalized
PNECs. When measured by EQSs, all the RQs of
PFOA, PFPeA, and PFHxA were also less than 1
(Table S6), which reflected that the measured concen-
trations of PFAAs did not exceed EQSs.

Conclusions

The PRD that is vital for both industry and agriculture is a
well-developed region in China. Relatively high PFAA
concentrations in surface water were observed in previous
studies; however, little was known about their levels,
distribution, and risk in sediments. As a part of an ongoing
study to determine the current level of PFAA concentra-
tions, as well as potential environmental risk to
zoobenthos, this study determined 16 PFAA concentra-
tions in sediments from rivers of the PRD. Higher PFAA
concentrations were observed in the Pearl River and the
downstream of Dongjiang River, where PFPeA accounted
for a very large proportion of ∑ PFAAs, which might be
attributed to the local urban and industrial effluents. PFPeA
and PFOSwere the predominant PFAAs, and high PFPeA
concentration in sediment of urban river was scarcely
found in previous reports worldwide. In this study, PFOS
and PFOA concentrations had negligible environmental
risk to zoobenthos. Concentrations of PFOA, PFPeA, and
PFHxA did not exceed the derived sediment environmen-
tal quality standard. Further study about the no-observed-
adverse-effect levels or the median lethal concentrations of

PFAAs in sediment should be conducted to make the
environmental risk assessment of PFAAs more accurate
in the future researches.
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