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a b s t r a c t

Per- and polyfluoroalkyl substances (PFASs) contamination in the Bohai Sea and its surrounding rivers
has attracted considerable attention in recent years. However, few studies have been conducted
regarding the distribution of PFASs in multiple environmental media and their distributions between the
suspended particles and dissolved phases. In this study, surface water, surface sediment, and air samples
were collected at the Bohai Sea to investigate the concentration and distribution of 39 targeted PFASs.
Moreover, river water samples from 35 river estuaries were collected to estimate PFAS discharge fluxes to
the Bohai Sea. The results showed that total ionic compound (Si-PFASs) concentrations ranged from 19.3
to 967 ng/L (mean 125 ± 152 ng/L) in the water and 0.70e4.13 ng/g dw (1.78 ± 0.76 ng/g) in surface
sediment of the Bohai Sea, respectively. In the estuaries, Si-PFAS concentrations were ranged from 10.5
to 13500 ng/L (882 ± 2410 ng/L). In the air, SPFAS (Si-PFASs þ Sn-PFASs) concentrations ranged from 199
to 678 pg/m3 (462 ± 166 pg/m3). Perfluorooctanoic acid (PFOA) was the predominant compound in the
seawater, sediment, and river water; in the air, 8:2 fluorotelomer alcohol was predominant. Xiaoqing
River discharged the largest Si-PFAS flux to the Bohai Sea, which was estimated as 12,100 kg/y. Some
alternatives, i.e., 6:2 fluorotelomer sulfonate acid (6:2 FTSA), hexafluoropropylene oxide dimer acid
(HFPO-DA), and chlorinated 6:2 polyfluorinated ether sulfonic acid (Cl-6:2 PFESA), showed higher levels
than or comparable concentrations to those of the C8 legacy PFASs in some sampling sites. The particle-
derived distribution coefficient in seawater was higher than that in the river water. Using high resolution
mass spectrometry, 29 nontarget emerging PFASs were found in 3 river water and 3 seawater samples.
Further studies should be conducted to clarify the sources and ecotoxicological effects of these emerging
PFASs in the Bohai Sea area.

© 2020 Elsevier Ltd. All rights reserved.
-1
1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a class of
anthropogenic surfactants with the perfluoroalkyl moiety CnF2n-
e by Maria Cristina Fossi.
(Buck et al., 2011). Due to high surface activity, thermal stability,
and hydrophobic and lipophobic properties, PFASs have been
widely used in industrial and household products, including sur-
factants, fire-fighting foams, metal plating, and textiles, for more
than six decades (Wang et al., 2009; Zhou et al., 2013). PFASs can be
divided into two major classes, i.e., ionic PFASs (i-PFASs) and
neutral PFASs (n-PFASs). i-PFASs have been found in water and
sediment from riverine, lacustrine, coastal, oceanic, and polar en-
vironments (MacInnis et al., 2019; Pan et al., 2018; Zhou et al., 2018;
Zhou et al., 2013) and n-PFASs are mainly distributed in the air,
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particularly in the Northern Hemisphere (Genualdi et al., 2010;
Wang et al., 2015b). Furthermore, C8 homologues (C8F17 and
C8F15)C8F

�
17 C8F

�
15such as perfluorooctane sulfonate acid (PFOS)

and perfluorooctanoic acid (PFOA), have been reported to be toxic
and potentially carcinogenic, and their manufacture has been
decreased or phased-out since 2000 (Florentin et al., 2011; UNEP,
2009, 2017; USEPA, 2000, 2006; Wang et al., 2015a).

After the phaseout of C8 homologues in developed countries,
productionwas shifted to developing countries because of the huge
domestic and international demands and relatively poor regula-
tions regarding production of these chemicals (Liu et al., 2016a; Liu
et al., 2016b). The manufacture of perfluorooctanesulfonyl fluoride
(POSF) in China increased after 2002 (Meng et al., 2015), which
could explain the elevated levels of POSF in the Pearl River Delta in
2004 (Lim et al., 2011). Moreover, the short-chained perfluoroalkyl
sulfonic acids (C < 8 PFSAs) (e.g., perfluorobutanesulfonic acid
(PFBS)) and perfluoroalkyl carboxylic acids (PFCAs) (e.g., per-
fluorobutanoic acid (PFBA)) are applied in commercial products as
substitutes for PFOA and PFOS, resulting in their occurrences in
riverine and coastal waters (Pan et al., 2018; Zhou et al., 2018).
Recently, more alternatives have aroused great concern, for in-
stances, Heydebreck et al. (2015) reported high hexa-
fluoropropylene oxide dimer acid (HFPO-DA) concentrations in a
river impacted by emissions from a fluorochemical industrial park
(Heydebreck et al., 2015) and Song et al. (2018) found more HFPO
oligomers (hexafluoropropylene oxide trimer acid (HFPO-TrA) and
hexafluoropropylene tetramer acid (HFPO-TeA)) in the same area
(Song et al., 2018). High ammonium 4,8-dioxa-3H-per-
fluorononanoate (ADONA) concentrations (up to 6200 ng/L) were
found in the Alz River, Germany, which receives effluent discharge
from a fluorochemical plant (LfU, 2016). HFPO oligomers and
ADONA are alternatives for PFOA that can be frequently detected in
an area influenced by fluoropolymer plants (Wang et al., 2013c). In
addition to these substitutes, nontarget screening studies have
discovered more classes of PFCA-based compounds, e.g.,
monohydrogen-substituted PFCAs (H-PFCAs) and poly hydrogen-
substituted PFCAs (xH-PFCAs) (Song et al., 2018; Wang et al.,
2018b), and PFASs with ether linkages, e.g., monoether-PFCAs and
monoether-PFSAs (Munoz et al., 2019). Several PFSA-based com-
pounds have been employed as PFOS alternatives. Houtz et al.
(2016) and K€arrman et al. (2011) reported the occurrence of 6:2
fluorotelomer sulfonate acid (6:2 FTSA) in an area affected by his-
torical use of aqueous film forming foam (AFFF), showing the
application and accumulation of FTSAs as PFOS alternatives in
fluorotelomer-based AFFF (Houtz et al., 2016; Karrman et al., 2011).
Nontarget screening analysis provided a comprehensive list of
PFSA-based compounds discovered in AFFF-impacted groundwater
(Barzen-Hanson et al., 2017). In the Chinese chromium-plating in-
dustry, perfluoroether sulfonic acids (PFESAs) have been used as
mist suppressants (Wang et al., 2013b), and chlorinated 6:2 poly-
fluorinated ether sulfonic acid (Cl-6:2 PFESA) has been ubiquitously
detected in Chinese rivers (Pan et al., 2018). Additionally, the use of
cyclic perfluoroalkyl acids in hydraulic fluids as anticorrosive
agents has led to the occurrence of perfluoroethylcyclohexane
sulfonate acid (PFECHS) in water and sediment in an airport-
impacted ecosystem in China (de Solla et al., 2012; Wang et al.,
2016c).

PFASs released from emissions can transport to the sea and
oceans via air and rivers (Ahrens, 2011; Prevedouros et al., 2006;
Zhou et al., 2018). Because of the large emission volume and high
solubility of i-PFASs, river discharge is a widespread concern as the
main pathway for pollutant transportation from land to seas and
even deep oceans (Pan et al., 2018; Zhao et al., 2017; Zhao et al.,
2013b; Zhou et al., 2018). In river water, the suspended particles
are an important carrier but have been typically neglected in pre-
vious studies. From the river to the coast, a change in salinity might
cause a salting-out effect, particularly in estuaries (Hong et al.,
2013). Along the coast and in seas, the distribution between sedi-
ment and water is different from that in rivers because of the
change in the physical and chemical conditions (Higgins and Luthy,
2006; Hong et al., 2013).

The Bohai Sea is a semi-closed sea in northern China consisting
of three bays, i.e. Liaodong, Bohai, and Laizhou bays. Extremely high
PFAS concentrations have been detected in adjacent inland and
coastal waters because of emission from fluorochemical industrial
parks and the contaminants are transported to the Bohai Sea not
only by various rivers but also via deposition from the air (Fang
et al., 2018; Li et al., 2011; Regnery and Püttmann, 2010; Wang
et al., 2014a; Wang et al., 2013a; Zhou et al., 2018). Simultaneous
field investigation of PFASs in air, water, and sediment in the semi-
closed Bohai Sea are still needed to get a more comprehensive
understanding about the PFAS behaviors in the environment.

The objectives of this study were to (1) present the distribution
and composition of legacy and alternative PFASs in the water,
sediment, and air of the Bohai Sea; (2) estimate the discharge fluxes
of PFASs via dissolved and particle phases from main rivers in the
study area; and (3) identify more emerging PFASs in coastal water
which have been reported in other aquatic ecosystems using high
resolution mass spectrometry.

2. Materials and methods

2.1. Sample collection

A total of 52 surface water samples, 30 surface sediment sam-
ples, and 6 air samples were collected in the Bohai Sea between
August 25 and September 4, 2017, on the research vessel Chuangxin
1 of the Yantai Institute of Coastal Zone Research, Chinese Academy
of Sciences (Fig. 1, Tables S1 and S2). Another 35 surface water
samples were collected during December 2017 at river mouths of
35 rivers around the Bohai Sea by car (Table S3).

Surface water samples (0e30 cm) were collected using a
stainless-steel basket, and stored in 1-L polypropylene (PP) bottles
(Asone, Osaka, Japan) which were precleaned using methanol prior
to use (Zhao et al., 2017). Surface sediment samples (0e5 cm, ~5 g)
were collected using a stainless-steel box corer and stored in a
prebaked (450 �C for 12 h) aluminum foil box. Air samples
(266 ± 24m3 per sample, 24 h) were collected using a high-volume
air sampler placed in the front of the ship’s upper deck. A glass fiber
filter (GFF, 12 cm in diameter, 0.7-mm pore size) combined with a
self-packed polyurethane (PUF)/XAD-2 glass column (PUF: F5.0
and 2.5 cm in length; 35 g XAD-2, particle size: 0.3e1.0 mm) were
employed to trap PFASs (Wang et al., 2014b;Weiner et al., 2013). All
the samples were stored at �20 �C before extraction.

2.2. Extraction and instrumental analysis

A total of 32 i-PFASs and 7 n-PFASs were monitored as target
compounds. As internal standards (ISs), 22 mass labeled com-
pounds (17 compounds as IS1 for the i-PFASs and 5 compounds as
IS2 for the n-PFASs) were employed. All the standards, as listed in
Table S4, were purchased from Wellington Laboratories Inc.
(Ontario, Canada), the purities of which were greater than 98%.

The extraction steps were performed according to previous
studies with modifications (Ahrens et al., 2016; Kabor�e et al., 2018;
Wang et al., 2014b). Briefly, water samples were filtered through
0.7-mm glass fiber filters (Whatman, GF/F, Ø47 mm) to separate the
particle and dissolved phases. Filters were frozen at �20 �C for



Fig. 1. Sampling sites for air and water in the Bohai and Yellow seas and their surrounding rivers. The dotted blue lines with arrows at the end show the campaign cruise in the
Bohai Sea. The air samples A1eA6, and water samples W1eW52 are numbered in chronological order. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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further treatment. The dissolved phase was first spiked with 3 ng of
IS1 and then solid phase extracted (SPE) using Oasis WAX car-
tridges (Waters, 150 mg, 6 cm3, 30 mm) at a flow rate of 10 mL/min.
After water loading, the cartridges were washed with 15 mL of
high-performance liquid chromatography (HPLC) grade water
(Fisher Scientific, Pittsburgh, USA) to remove the salt and then
dried for 30 min with a nitrogen flow (>99.999%). The target
compounds were twice eluted with 4 mL of methanol with 0.2%
NH4OH. Water filters, air filters, and sediments were freeze-dried
for 72 h and then twice sonicated for 15 min with 15 mL of 0.2%
NH4OH in methanol in a PP tube. A clean-up step was performed
using ENVI-Carb cartridges (Supelco, 3 mL, 250 mg). Air columns
were spiked with 3 ng of IS1 and IS2 and then Soxhlet extracted
using both dichloromethane (DCM) and methanol for 24 h. Anhy-
drous Na2SO4 was added to remove residual water and then the
extracts were concentrated using a rotary evaporator. The volumes
of all the extracts were reduced to 200 mL under a gentle N2 flow
(>99.999%). Before instrumental analysis, 3 ng 8:2 fluorotelomer
unsaturated acid (8:2 FTUCA) as injection standard (InjS) was
spiked into each sample for quantification. More details regarding
the sample extraction can be found in the Supplemental Informa-
tion (SI) materials.

Target i-PFASs were analyzed using a high-performance liquid
chromatography-tandem mass spectrometry system, with an Agi-
lent 1290 series liquid chromatograph interfaced with a 6460 triple
quadrupole mass spectrometer (Agilent Technologies, USA). An
RSpak JJ-50 2D ion-exchange column (2 mm i.d. � 150 mm, 5 mm,
CNW, Germany) was used to separate the C2 - C4 PFCAs and a X-
terra MS C18 column (2.1 mm i.d.� 150 mm, 5 mm,Waters, Ireland)
was used to separate the other i-PFASs. Target n-PFASs were
analyzed via gas chromatographyemass spectrometry, with an
Agilent 7890B gas chromatograph interfaced with an Agilent 5977B
mass spectrometer. A DB-WAX column (30 m � 0.25 mm i.d.,
0.25 mm, Agilent J&W, USA) was used for separation. n-PFASs in the
air particle phase were not analyzed given that low detection rates
were found in previous studies (Wang et al., 2014b).

To identify more emerging PFASs, fourier transform ion cyclo-
tron resonance mass spectrometry (FT-ICR MS; Bruker Daltonik
GmbH, Bremen, Germany) was employed in a negative electrospray
ionization (ESI�) mode under a full scan (150e1500 m/z) with a
resolution of 107. Referring to previous studies, a list of nontarget
PFASs were generated, and PFASs which were not targeted in this
study were screening based on accurate molecular mass and
isotope peaks (Baduel et al., 2017; Barzen-Hanson et al., 2017;
Dauchy et al., 2019; Gebbink et al., 2017; Kabore et al., 2018; Lin
et al., 2017; McCord and Strynar, 2019; Mejia-Avendano et al.,
2017; Newton et al., 2017; Song et al., 2018; Wang et al., 2018b;
Xiao et al., 2017; Xu et al., 2017; Yu et al., 2018a). The Data Analysis
5.0 (Bruker Daltonik) was used to propose molecular formulas by
accurate molecular mass. The mass error (Dm) less than 5 parts per
million (ppm) comparing with theoretical m/z with a signal/noise
ratio higher than 10 was employed as criterions to refine proposed
molecular formulas. The isotope intensity ratios were tested to
filter false positive results. All the nontarget compounds from the
samples were not detected in three whole-process blanks. Detailed
information regarding the instrumental parameters and screening
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processes are shown in the SI materials.

2.3. Total organic carbon

The total organic carbon (TOC) contents in the sediment sam-
ples were determined using a TOC analyzer (Analytik Jena AG,multi
N/C 3100, Germany). Approximately 20 mg of freeze-dried samples
were treated with hydrochloric acid (1.0 mol/L) to remove car-
bonate residues before analysis.

2.4. Air mass back trajectories

For the air mass back trajectories, the NOAA’s HYSPLIT model
was employed (http://www.arl.noaa.gov/HYSPLIT_info.php). On
the research vessel, the sampling height was about 10 m above the
sea level. Five-day trajectories were calculated in 6 h steps for each
sample. The detailed results are show in Fig. S3.

2.5. Quality assurance/quality control

To minimize the risk of unintended contamination, the experi-
mental utensils were all composed of glass and PP. All the utensils
and materials that could touch the samples were precleaned before
use. The concentration gradient of the target standard curve was 0,
0.5, 1, 2, 5, 10, 20, 50, 100, and 200 mg/L and the R values for the
individual compounds were all greater than 0.993. Instrumental
quantification limits (IQLs) were defined as the lowest concentra-
tion of target compounds resulting in a signal-to-noise (S/N) ratio
of 3. Method quantification limits (MQLs) were defined using a S/N
ratio of 10. The IQLs andMQLs of all the target compounds are listed
in Table S5. Field blanks were prepared for air and water and no
contamination was detected. Procedure blanks were prepared for
every eight samples and the results are listed in Table S5. For the
compounds that were detected in the blank samples, the MQL was
calculated as 3 times the standard deviation plus the mean value in
the blanks. Concentrations were revised by subtracting the levels in
the blank samples. Method validation results for water and sedi-
ment are presented in Table S6. Spike recoveries to surface water
and sediment were generally within 60e110% with standard de-
viation below 25% for most compounds. The recovery of IS1 and IS2
are shown in Table S7. The mean recoveries were within 60% ± 20%
(2H2-13C2-10:2 FTOH) to 98% ± 5% (13C4 - PFOA). During the in-
strument injection, one blank and 10 mg/L standard samples were
added in every 10 to 15 samples to monitor the contamination (all
below the IQL) and instrument stability (standard deviations less
than ± 10%).

3. Results and discussion

3.1. PFASs in water, sediment, and air of the Bohai Sea

The Si-PFAS concentrations in the dissolved phase in water
ranged from 6.26 to 945 ng/L (mean 77 ± 142 ng/L) (Table 1). PFOA
was the predominating compound accounting for 23e89% (mean
68% ± 13%) of the Si-PFAS concentrations and higher concentra-
tions were found in Laizhou Bay (Fig. S1), which was consistent
with previous studies (Zhao et al., 2017). High PFOA concentrations
could be attributed to usage in the fluoropolymer industries along
the Laizhou Bay coast, for example as processing aids in TFE and
PTFE products (Begley et al., 2005; Herzke et al., 2012; Wang et al.,
2014a). The short-chained PFCA (C4 - C7) concentrations were from
1.80 to 96 ng/L (mean 13 ± 15 ng/L), lower than those of PFOA
(3.2e845 ng/L, mean 60 ± 127 ng/L). High PFBA concentrations
were detected in Laizhou Bay and the mouth of Liaodong Bay
(Fig. S1). SPFSAs (C4, C6, C8, and C10) concentrations ranged from
<MQL to 11.2 ng/L (mean 1.67 ± 1.75 ng/L). PFBS had a higher
detection frequency (85%) and concentrations (0.41e6.59 ng/L,
mean 1.26 ± 1.01 ng/L) than those of PFOS (38%, 0.30e2.91 ng/L,
mean 0.74 ± 0.61 ng/L), indicating the application of shorter-
chained alternatives. In Liaodong and Bohai bays, PFBS concentra-
tions were higher than those in other areas (Fig. S1), different from
the PFOA distribution. 6:2 FTSA concentrations (0.03e20.7 ng/L,
mean 0.74 ± 0.61 ng/L) were similar to those of PFBS, showing the
use of novel PFASs in AFFF. The Cl-6:2 PFESA concentrations were
around the MQL and HFPO-DA, PFECHS, and ADONA were not
detected inmore than 50% of the samples. In the suspended particle
phase, the Si-PFAS concentrations ranged from 0.51 to 325 ng/g
(mean 48 ± 49 ng/g) (Table 1). PFBA, PFOA and PFOS had high
detection frequencies, i.e. 85, 100, and 92%, respectively. The PFOA
(0.32e302 ng/g dw, mean 30.5 ± 43.7 ng/g dw) concentrations
were much higher than those of PFBA (0.02e4.41 ng/g dw). Cl-6:2
PFESA was detected in 23% of the samples, with concentrations
ranging from 0.06 to 3.95 ng/g dw, which were lower than those of
PFOS (0.44e21 ng/g dw). It was interesting that 3:3 FTCA could be
detected in some river samples and the highest concentration was
35 ng/L at YAHR. 3:3 FTCA is a very short-chain fluorotelomer acid,
presumably the degradation product of similar precursors such as
those of other n:3 FTCA homologues (e.g., n:2 FTSAs can degrade to
n:3 FTCAs); additionally, 3:3 FTCA could also degrade to ultrashort
chain PFCAs (Chen et al., 2019; Kabore et al., 2018; Lang et al., 2017).

In the sediment, the Si-PFAS concentrations ranged from 0.70 to
4.13 ng/g drywet (dw)with an average value of 1.78 ± 0.76 ng/g dw.
Higher Si-PFAS concentrations were detected in Laizhou Bay and
the depositional zone of the Liaodong Bay mouth (Fig. 2B). PFOA
was the predominant compound ranging from 0.20 to 1.0 ng/g dw
(0.46± 0.22 ng/g dw). Compared to a previous study from the Bohai
Sea (Gao et al., 2014), the PFOA concentration (0.06e2.70 ng/g dw)
had decreased from 2011. The long-chained PFCAs (C9 - C11) have a
higher detection frequency in sediment than that in the dissolved
phase, indicating a stronger affinity to sediments than that of the
short-chained compounds (Higgins and Luthy, 2006).

In the air, Sn-PFAS concentrations contributed from 24 to 80% of
the SPFASs, ranging from 199 to 678 pg/m3 (462 ± 166 pg/m3)
(Table 1). 8:2 FTOH was the predominant compound and its con-
centrations ranged from 60.7 to 368 pg/m3 (191 ± 111 pg/m3).
Compared to previous studies, 8:2 FTOH concentrations in 2017
were comparable to those in 2012 (55e429 pg/m3, 182 ± 166 pg/
m3) (Fang et al., 2018). Backward air trajectories showed that air
masses with higher concentrations (A4, A5, and A6) originated
from Shandong, Liaoning, and Jiangsu provinces and air masses
with lower concentrations (A1, A2, and A3) from the eastern coastal
provinces of China, Mongolia, and Russia (Fig. S3). In Shandong and
Liaoning provinces, emissions from PFAS-related industrials were
the major sources of PFASs in the environment (Meng et al., 2018;
Yu et al., 2018b; Zhang et al., 2012; Zhao et al., 2013a).

Compared to previous studies, Si-PFAS concentrations (dis-
solved and particle phase, 19.3e970 ng/L) in the surface water of
the Bohai Sea were higher than those in the Yellow Sea
(5.79e34.0 ng/L), East China Sea (0.13e3.32 ng/L), and South China
Sea (0.13e1.02 ng/L)(Cai et al., 2012; Wang et al., 2019; Zhou et al.,
2018). Joerss et al. (2019) reported that HFPO-DA and PFECHS were
the predominant PFAS in water from the German Bight and the
Baltic Sea, respectively, indicating a shift to alternative compounds
in northern European countries. In China, C8 was still dominant in
the Bohai Sea. In sediment, the Si-PFAS concentrations in the Bohai
Sea were comparable to those in the Yellow Sea (below the limit of
detection (<LOD) to 2.76 ng/g dw), German Bight, and Baltic Sea
(0.018e2.6 ng/g dw) but lower than those in the East China Sea
(0.67e37 ng/g dw) (Gao et al., 2014; Joerss et al., 2019; Wang et al.,
2018a). Si-PFAS concentrations in the air around the Bohai Seawere

http://www.arl.noaa.gov/HYSPLIT_info.php


Table 1
Concentrations range of target PFASs in air, water, and sediment.

Compounds Dissolve phase (ng/L) Suspended particle phase (ng/g dw) Sediment (ng/g dw) Air (pg/cm3)

Sea River Sea River

PFBA <MQL-8.69 <MQL-531 <MQL-4.41 <MQL-9.15 0.15e0.60 17.0e73.2
PFPeA <MQL-34.4 <MQL-479 <MQL-6.01 <MQL-6.57 0.01e0.92 1.00e28.2
PFHxA 0.89e33.4 0.13e1985 <MQL-20.5 <MQL-1.68 <MQL-0.88 23.1e103
PFHpA <MQL-22 <MQL-2663 <MQL-33.4 <MQL-4.97 0.08e0.26 5.40e28.9
PFOA 3.20e845 0.96e7335 0.32e302 0.34e1140 0.20e1.00 17.0e92.6
PFNA <MQL-1.73 <MQL-38.1 <MQL-3.74 <MQL-6.15 <MQL-0.47 3.87e32.5
PFDA <MQL-0.59 <MQL-11.9 <MQL-19.2 <MQL-18.6 <MQL-0.38 0.48e7.55
PFUnDA <MQL-0.35 <MQL-2.45 <MQL-8.09 <MQL-5.85 <MQL-0.28 0.36e1.68
PFDoDA <MQL-0.06 <MQL-0.067 <MQL <MQL-0.75 <MQL-0.10 <MDL-2.09
PFBS <MQL-6.59 <MQL-281 <MQL-8.22 <MQL-4.19 <MQL <MDL-4.75
PFHxS <MQL-3.62 <MQL-305 <MQL-1.88 <MQL-64.4 <MQL-0.15 0.70e4.86
PFOS <MQL-2.91 <MQL-71.8 <MQL-2.90 <MQL-48.5 <MQL-0.20 1.76e6.54
PFDS <MQL-0.15 <MQL-0.36 <MQL-20.5 <MQL <MQL <MQL
4:2 FTSA <MQL-0.19 <MQL-0.77 <MQL-45.5 <MQL-0.77 <MQL <MQL
6:2 FTSA <MQL-20.7 <MQL-28.7 <MQL-11.2 <MQL-28.7 <MQL-0.20 <MQL
8:2 FTSA <MQL-0.20 <MQL-0.16 <MQL-18.2 <MQL-0.52 <MQL <MQL
10:2 FTSA <MQL-0.09 <MQL-0.14 <MQL-13.2 <MQL <MQL <MQL
3:3 FTCA <MQL-2.68 <MQL-35.2 <MQL-2.68 <MQL-35.2 <MQL <MQL
5:3 FTCA <MQL-0.03 <MQL <MQL <MQL <MQL <MQL
7:3 FTCA <MQL-0.05 <MQL-0.27 <MQL <MQL-8.60 <MQL <MQL
6:2 FTCA <MQL-1.38 <MQL-7.26 <MQL <MQL <MQL 3.82e14.3
8:2 FTCA <MQL <MQL <MQL <MQL <MQL <MQL
6:2 FTUCA <MQL-0.05 <MQL-1.47 <MQL <MQL <MQL <MQL-0.88
8:2 FTUCA <MQL-0.18 <MQL-0.34 <MQL-1.44 <MQL-1.20 <MQL 1.92e5.76
Cl-6:2 PFESA <MQL-0.32 <MQL-36.9 <MQL-3.95 <MQL-71.6 <MQL-0.04 <MQL-0.42
Cl-8:2 PFESA <MQL-0.04 <MQL-1.58 <MQL-0.42 <MQL-9.69 <MQL <MQL
6:2 diPAP <MQL-1.58 <MQL-0.057 <MQL-16.1 <MQL-11.1 <MQL <MQL-2.21
8:2 diPAP <MQL-0.15 <MQL-0.27 <MQL-3.85 <MQL-1.70 <MQL <MQL-1.59
HFPO-DA <MQL-6.87 <MQL-663 <MQL <MQL-96 <MQL <MQL
ADONA <MQL-0.05 <MQL-0.044 <MQL-1.60 <MQL-0.29 <MQL <MQL
PFECHS <MQL-0.11 <MQL-0.53 <MQL-1.08 <MQL-1.95 <MQL <MQL
Si-PFASs 6.26e945 18.9e13300 0.51e325 0.64e1150 0.70e4.13 97.0e347
6:2 FTOH e e e e e <MQL-4.78
8:2 FTOH e e e e e 60.7e368
10:2 FTOH e e e e e 17.6e180
N-MeFOSA e e e e e <MQL-0.07
N-EtFOSA e e e e e <MQL-0.09
N-EtFOSE e e e e e <MQL-0.11
N-MeFOSE e e e e e <MQL
Sn-PFASs e e e e e 80.8e542

-: no data.
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higher than those in the Pearl River Delta (53.7e225 pg/m3) and in
cities on the coasts of the Bohai and Yellow seas (23.6e94.5 pg/m3)
(Liu et al., 2019; Yu et al., 2018b).

3.2. PFASs in river water

In the water samples from 35 rivers around the Bohai Sea, 28 i-
PFASs, except 5:3 and 8:2 FTCA, were detected (Tables S12 and S13).
The Si-PFAS concentrations ranged from 10.2 to 13,300 ng/L with
an average concentration of 849 ± 2380 ng/L in the dissolved phase
and 0.14e1150 ng/g dw with an average of 66.4 ± 199 ng/g dw in
the suspended particle phase (Table 1). As with seawater, PFOAwas
the dominant compound in both phases in the river water, with
concentrations ranging from 0.96 to 7340 ng/L and 0.13e1140 ng/g
dw, respectively. The compositions of other i-PFASs differed in the
two phases. PFHxA (1.02e1990 ng/L), PFHpA (<MQL to 2660 ng/L),
and PFBA (<MQL to 531 ng/L) were the major compounds in the
dissolved phase whereas PFHxS (<MDL to 64.4 ng/g dw), PFOS
(<MDL to 61.5 ng/g dw), and Cl-6:2 PFESA (<MDL to 71.6 ng/g dw)
were present in higher concentrations than the other compounds
in the suspended particle phase.

The highest concentration (dissolved and particle phase) was
observed in the Xiaoqing River (XQR, 13500 ng/L) at Hotspot 2 1 in
Shandong Province, which was three orders of magnitude higher
than the median level in the other rivers (95.2 ng/L, Fig. 2D and
Table S15). The other two rivers in Hotspot 1, the Zhimai River
(ZMR, 3510 ng/L) and the Tahe River (TAHR, 2270 ng/L), had lower
PFAS concentrations than the Xiaoqing River; thus, the Zhimai and
Tahe rivers as well as Xiaoqing River could be the major sources of
the PFASs in Laizhou Bay (Chen et al., 2017a; Heydebreck et al.,
2015; Zhou et al., 2018). PFHpA, PFHxA, and PFBS contributed
10e20% of the Si-PFAS concentrations in the river waters, indi-
cating the use of shorter-chained compounds. At Hotspot 2, also in
Shandong Province, the Si-PFAS concentrations were 3750 ng/L in
the Dehuixin River (DHXR), 2510 ng/L in the Majia River (MJR), and
1240 ng/L in the Zhangweixin River (ZWXR). All PFOA contributions
were greater than 98% in the three rivers, in contrast to Hotspot 1.
These two hotspots were both located at fluorotelomer industrial
parks, which might be the source of the PFASs in the Bohai Sea
(Chen et al., 2017a; Song et al., 2018). In all other rivers, short-
chained PFASs were detected with greater frequency and at
higher concentrations than the long-chained compounds. In the
Ziyaxin River (ZYXR), PFHxS (308 ng/L) and PFBS (281 ng/L) con-
centrations were higher than that of PFOA (15.2 ng/L). The Ziyaxin
River is an artificial river and runs into Bohai Bay through Tianjin
City, carrying domestic and industrial waste (Chen et al., 2017a;
Zhou et al., 2018). In the Xiaoling River (XLR), PFBA and PFBS were
the predominant PFASs at concentrations of 199 and 170 ng/L,



Fig. 2. Concentrations and distributions of PFASs in multimedia from the Bohai Sea and adjacent rivers. A: Concentrations (ng/L) and distributions of target Si-PFASs in the dissolved
phase of water in the Bohai Sea. B: Concentrations (ng/g dw) and distributions of target Si-PFASs in the surface sediment of the Bohai Sea. C: Concentrations (pg/m3) and dis-
tributions of target SPFASs in the air above the Bohai Sea. D: Concentrations (ng/L) and distributions of target Si-PFASs in the dissolved phase of water from adjacent rivers of the
Bohai Sea.

Z. Zhao et al. / Environmental Pollution 263 (2020) 1143916
respectively, which were higher than those of PFOA (86.2 ng/L). The
Xiaoling River is one of the rivers in Liaoning Province that is part of
the Liaohe River system, whose watershed has been polluted by
PFASs (Wang et al., 2012).

In addition to short-chained PFASs, some other emerging al-
ternatives showed high concentrations and/or detection fre-
quencies in river water. HFPO-DA concentrations in most samples
were lower than the MQL. However, notably, in Xiaoqing, Dagu
Drainage and Chaobai River, the HFPO-DA concentrations
(160e663 ng/L) were at high levels. HFPO-DA is known as an APFO
or PFOA alternative that has been produced as a processing aid for
fluoropolymer resin manufacturing since 2010 (Heydebreck et al.,
2015). It is chemically stable and persistent when released into
the environment (ECHA, 2019). The HFPO-DA concentration in
seawater was lower than that in the rivers, possibly because of the
dilution and dispersion processes with coastal water. 6:2 FTSA and
Cl-6:2 PFESA were widely detected in the dissolved phase; the
detection frequency of these were 100% and 70%, respectively. This
suggests their widespread production, use, and emission around
the Bohai Sea. These two emerging compounds have been applied
in AFFF and metal plating, respectively (Wei et al., 2018; Xie et al.,
2013). The highest 6:2 FTSA (28.7 ng/L) concentration was detec-
ted in the Daliao River (DLR), suggesting the use of AFFF in Liaoning
Province. The highest Cl-6:2 PFESA (42.8 ng/L) concentration was
detected in the Dagu Drainage River (DDR), which also had rela-
tively high PFOS (75.8 ng/L) and 6:2 FTSA (8.20 ng/L) concentra-
tions, indicating the source of metal plating in Tianjin City. The
correlation analysis showed that PFOS concentrations were signif-
icantly correlated with 6:2 FTSA (p < 0.01) and Cl-6:2 PFESA
(p < 0.01) in the river samples, indicating a similar source of legacy
and alternative compounds. Additionally, the 6:2 FTSA contribu-
tions to Si-PFASs in the Bohai Sea (2.3% ± 8%) were greater than
those in the rivers (1.8% ± 4%), suggesting the release from industry
or AFFF related products (Mejia-Avendano et al., 2017; Wang et al.,
2013c).

3.3. Distribution coefficient of i-PFASs

The field-based log Kd and log Koc values for i-PFASs were
calculated referring to previous studies with modification, and the
details were presented in SI materials (Chen et al., 2015; Li et al.,
2020). The suspended particle-derived and sediment-derived log



Table 2
Log Kd and log Koc values for i-PFASs.

i-PFASs Particle-dissolved phase Sediment- dissolved phase

Sea log Kd River log Kd log Kd log Koc

PFBA 2.58 ± 0.66 1.84 ± 0.71 2.23 ± 0.62 4.21 ± 0.63
PFPeA 3.31 ± 0.18 2.61 1.89 ± 0.42 3.88 ± 0.40
PFHxA 3.58 ± 0.34 2.17 ± 0.52 2.02 ± 0.38 3.96 ± 0.38
PFHpA 3.71 ± 0.35 1.86 ± 1.40 1.78 ± 0.38 3.76 ± 0.37
PFOA 2.78 ± 0.57 2.18 ± 0.96 1.15 ± 0.40 3.11 ± 0.42
PFNA 3.59 ± 0.20 2.95 ± 1.13 2.54 ± 0.41 4.50 ± 0.37
PFDA 4.36 ± 0.47 3.59 ± 0.48 2.60 ± 0.43 4.59 ± 0.42
PFUnDA 4.27 ± 0.24 3.89 ± 0.59 2.97 ± 0.39 5.04 ± 0.36
PFBS 3.28 ± 0.47 2.58 ± 1.31 e e

PFHxS 3.43 ± 0.78 3.08 ± 0.77 2.38 ± 0.33 4.31 ± 0.30
PFOS 3.69 ± 0.43 2.9 ± 0.88 2.39 ± 0.49 4.38 ± 0.45
6:2 FTSA 4.32 ± 0.33 2.65 ± 0.24 1.94 ± 0.72 3.89 ± 0.73
8:2 FTSA 4.97 e e e

6:2 FTUCA e e 3.79 ± 0.22 5.71 ± 0.26
8:2 FTUCA 4.02 3.91 e e

6:2 diPAP 4.02 4.58 ± 0.66 e e

8:2 diPAP 4.71 ± 0.48 3.76 ± 0.85 e e

Cl-6:2 PFESA 4.11 ± 0.58 3.17 ± 0.76 e e

Cl-8:2 PFESA e 5.43 e e

ADONA 4.68 ± 0.15 3.82 e e
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Kd values ranged from 2.58 ± 0.66 (PFBA) to 4.97 (8:2 FTSA) and
1.84 ± 0.71 (PFBA) to 5.43 (Cl-8:2 PFESA), respectively (Table 2).
Except for 6:2 diPAP, the particle-derived log Kd values for seawater
and particles were higher than those for rivers, whichmight related
to the higher salinities in seawater than river water (Higgins and
Luthy, 2006). Negative correlations between the PFBA, PFOA,
PFDA, PFUnDA, and PFOS concentrations and suspended particle
contents were found, which might be related to the specific surface
area and organic matter (Munoz et al., 2017). Except for PFHxS, the
PFSAs had higher log Kd values than those of the PFCAs in sea and
river water due to the sulfonic tail (Higgins and Luthy, 2006).

The log Kd values for i-PFASs between the sediment and dis-
solved phase ranged from 1.15 ± 0.40 (PFOA) to 3.79 ± 0.22 (6:2
FTUCA); these were lower than particle-derived log Kd values
probably due to the higher sorption capacity of suspended particles
than sediment (Table 2) (Li et al., 2020; Shan et al., 2014). The
organic matter normalized log Koc values for Si-PFASs in the sedi-
ment ranged from 3.11 ± 0.42 (PFOA) to 5.71 ± 0.26 (6:2 FTUCA).
The log Kd and log Koc of PFOA were lowest in the sediment at
1.15 ± 0.40 and 3.11 ± 0.42, respectively; however, these were
Fig. 3. Discharge fluxes (kg/y) of target i-PFASs from rivers to the seas. The left one shows riv
y.
higher than those in the South Bohai coastal watersheds (log Kd:
0.63 ± 0.51, log Koc: 2.68 ± 0.51) (Zhu et al., 2014) and in the
Netherlands (log Koc: 2.63) (Kwadijk et al., 2010). The log Kd and log
Koc values for PFOS between the sediment and water were
2.39 ± 0.49 and 4.38 ± 0.45, respectively; these were at the same
level as the log Kd value in Ethiopia (2.3 ± 0.47) (Ahrens et al., 2016)
but higher than those in the South Bohai coastal watersheds (log
Kd: 1.7 ± 0.39) (Zhu et al., 2014). The normalized distribution co-
efficients of TOC (foc) between the sediment and water were
calculated (see the SI), and significant correlations were found
between the foc and Kd of PFPeA (P < 0.01), PFHpA (P < 0.05), and
PFNA (P < 0.05). There were also significant correlations between
the salinity and the Kd of 6:2 FTSA (P < 0.01) and between the
electrical conductivity and Kd of 6:2 FTSA (P < 0.01). Beyond these,
there were no significant correlations. These results are similar to
those of previous reports, for instance, a study of the Bohai coast
suggested that foc was not significantly correlated with the Kd of
PFASs (p > 0.05) except PFNA, PFDA, and PFHxS (Zhu et al., 2014),
while a study of the Youngsan and Nakdong river estuarine systems
showed that the pH and foc were not significantly related to the Kd
for the i-PFASs (Hong et al., 2013).

3.4. Riverine i-PFAS discharge fluxes

The Si-PFAS discharges from 34 rivers (runoff flowrate avail-
able) to the Bohai Sea were estimated using the method shown in
the SI; the results are shown in Fig. 3 and Tables S13 and S14. Runoff
data are referenced from previous reports (2016; Cui, 2008; Wang
et al., 2016a). The riverine discharges of Si-PFASs were 20.3 t/y
via the dissolved phase and 0.30 t/y via the particle phase.
Approximately 90e99% of the i-PFASs input to the sea was through
the dissolved phase. The fluxes in the dissolved phase were lower
than those of 2015 (87 t/y), partly because of the low concentra-
tions and the lesser amount of rivers involved in the study (Chen
et al., 2017b). The Si-PFAS fluxes in individual rivers ranged from
0.05 kg/y (Daqing River, DQR) to 11,900 kg/y (Xiaoqing River, XQR)
in the dissolved phase and from 0.004 kg/y (Yuhe River, YHR) to
176 kg/y (Xiaoqing River, XQR) in the particle phase. The Xiaoqing
River contributed 58% of the Si-PFASs fluxes among all the rivers,
which were higher than those of 2011 (4 t/y for Si-PFASs and 3.6 t/y
for PFOA) (Wang et al., 2014a), but lower than those of 2013 (~43 t/y
for Si-PFASs and ~41 t/y for PFOA) (Wang et al., 2016b), suggesting a
decreasing trend during recent years. In the Yalu and Yellow rivers,
the fluxes were 1810 kg/y and 559 kg/y, respectively, which were
er fluxes greater than 100 kg/y and the right compounds with fluxes greater than 10 kg/



Table 3
Nontarget PFASs detected in seawater and river water.

Name Acronym Ion Formula [M-
1]

Theoretical
m/z

Mass error (ppm) Reference

DLR HHR YDXR W25 W30 W38

Perfluoroalkyle sulfonate acid PFSAs C2O3SF5� 199 e 0.01 e e e e Kabor�e et al. (2018)
C7O3SF15� 449 e 1.40 e e e e Kabor�e et al. (2018)

Hydrido-perfluorocaboxylic acid H-PFCAs C5HO2F8� 245 e 0.73 e 0.22 0.18 Barzen-Hanson et al.
(2017)

Polyhydrido-perfluorocaboxylic acid xH-PFCAs C10H9O2F10� 351 e e 2.80 e e e Gebbink et al. (2017)
C12H11O2F12� 415 e 3.75 e e 2.91 2.94 Song et al. (2018)
C14H13O2F14� 479 e e e e e 0.42 Song et al. (2018)
C20H17O2F20� 669 e 2.64 e e e e Newton et al. (2017)

Unsaturated perfluorocarboxylic acid UPFCAs C12O2F21� 575 3.03 e e e e e Wang et al. (2018b)
Hydrido-perfluoroalkane sulfonate acid H-PFSAs C3HO3SF6� 231 e e e e e 1.53 Barzen-Hanson et al.

(2017)
C4HO3SF8� 281 e e e e 0.40 e Barzen-Hanson et al.

(2017)
C6HO3SF12� 381 1.49 e e e e e Song et al. (2018)

Polyhydrido-perfluorocaboxylic acid xH-PFSAs C7H6F10SO4 375 e 4.60 e e e e Gebbink et al. (2017)
Unsaturated perfluoroalkane sulfonate acid UPFSA C6O3SF11� 361 e e e e e 0.46 Barzen-Hanson et al.

(2017)
C8O3SF15� 461 e 1.67 e e e e Barzen-Hanson et al.

(2017)
Chloro-perfluoroalkane sulfonate acid Cl-PFSA C8O3SClF16� 515 e e e 3.57 4.01 e Barzen-Hanson et al.

(2017)
C3O3SClF6� 265 e e e e 3.73 e Barzen-Hanson et al.

(2017)
Ketone perfluoroalkyl sulphonate acid K-PFSAs C11O4SF21� 627 e e e 2.67 e e Baduel et al. (2017)
n-Pentafluorosulfide-perfluoroalkane sulfonate acid n-F5S-PFAS C6O3S2F17� 507 e e 0.01 e e e Barzen-Hanson et al.

(2017)
Oxa-unsaturated-perfluoroalkanoic acid O-U-PFAA C7F11O3- 341 e e e e 0.40 0.00 Barzen-Hanson et al.

(2017)
Unsaturated hydrido-perfluoroalkane ethers/alcohols H-PFE/AS C8HOF14� 379 e e e 4.11 4.22 e Song et al. (2018)
Polyether perfluoroalkyl ether carboxylic acid polyether PFECAs C4O4F7� 245 2.82 e e e e 0.15 Song et al. (2018)

C6O6F11� 377 e 1.20 e e e e Song et al. (2018)
Hexafluoropropylene oxide oligomers HFPO-oligomers C6O3F11� 329 e e e 0.30 e e Song et al. (2018)

C9O4F17� 495 e e e e e 0.23 Song et al. (2018)
N-Methylperfluoro-1-alkanesulfonamidoacetic acid N-MeFASAA C9H5O4SNF13- 497 e e e 0.51 e e Barzen-Hanson et al.

(2017)
N-carboxymethyldimethyl ammoniopropyl-

perfluoroalkane sulfonamide acid
N-CMAmPFASA C11H14O4SN2F9� 441 e e e e 4.61 e Barzen-Hanson et al.

(2017)
N-dihydroxypropyldimethylammoniohydroxybutyl-

perfluoroalkanesulfonamide
N-diHOPAmHOB-
FASA

C14H20O5SN2F11� 537 0.96 e e e e e Barzen-Hanson et al.
(2017)

N-dihydroxypropyldimethylammoniohydroxybutyl-
perfluoroalkanesulfonamidopropylsulfonate acid

N-diHOPAmHOB-
FASAPS

C14H26O8S2N2F5� 509 e 1.48 e e e e Barzen-Hanson et al.
(2017)

N-dihydroxybutyl dimethyl ammoniopropyl
perfluoroalkane sulfon amide

N-diHOBAmP-FASA C14H20O4SN2F11� 521 1.11 e e 0.81 e e Barzen-Hanson et al.
(2017)

-: Not detected.
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higher than those of 90% of the other rivers because of the large
river runoff. The rivers in the hotspots had higher fluxes
(461e11900 kg/y) than those of the others (0.06e1810 kg/y). For
the individual compounds, PFOA had the highest total fluxes
(98,800 kg/y), followed by those of PFHxA (2590 kg/y) and PFBA
(2520 kg/y). The total HFPO-DA flux was 1310 kg/y, although it was
detected in five rivers. The 6:2 FTSA and Cl-6:2 PFESA fluxes were
182 kg/y and 54 kg/y, respectively, which were lower than that of
PFOS (224 kg/y), suggesting the contribution of alternatives was
comparable to that of the legacy compounds.

In previous studies, air deposition, drain outlines, and riverine
discharge were all investigated as the input pathways of PFASs to
the Bohai Sea and the rivers, particularly rivers that run through
hotspots, were themajor source. For PFCAs, the large fluxes were all
found in rivers emptying into Laizhou Bay. This could explain the
high concentrations in the seawater from Laizhou Bay. For PFBS,
large fluxes were found in the Ziyaxin River (ZYXR, 64.2 kg/y) and
Xiaoling River (XLR, 68.1 kg/y), which discharge water to Liaodong
Bay, and the Haihe River (HHR, 47.8 kg/y) and Ziyanxin River (ZYXR,
87.0 kg/y), which discharge water to Bohai Bay. Correspondingly,
higher concentrations could be detected in seawater from these
two bays. The distribution pattern of Cl-6:2 PFESA was similar to
that of PFBS in the Bohai Sea and large fluxes could be found in
rivers inputting water to Bohai and Liaodong bays. However, for
some compounds, high riverine discharges did not accompany high
concentrations in seawater. For instance, large fluxes of 6:2 FTSA
were found in the Daliao River (DLR, 134 kg/y) and Liaodong Bay,
but the seawater concentrations near the estuary were not higher
than those of other areas, partly because of the lower emission
volume as an alternative in AFFF.

3.5. Emerging PFASs in seawater and estuary water

Three seawater samples (W25, W30, and W38) and three river
water samples (DLR, YDXR, and HHR) were selected at random to
identify more emerging PFASs using high-magnetic field FT-ICR-
MS. In total, 29 nontarget compounds were found in 6 samples
(Table 3) and 26 of them had linear perfluorocarbon chains shorter
than or equivalent to C8. One long-chained ketone perfluoroalkyl
sulfonate acid (K-PFSAs, C11O4SF21) which has a linear structure of
C9F21� , was detected in W25. More suspected PFASs in the sea (16)
were found than in the river (13). Three suspected compounds
were found in both sea and river waters, i.e. polyhydrido-
perfluorocaboxylic acid (C12H11O2F12� ), polyether perfluoroalkyl
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ether carboxylic acid (C4O4F7�), and N-dihydroxybutyl dimethyl
ammoniopropyl perfluoroalkane sulfon amide (C14H20O4SN2F11� ). In
the river water, no compounds were detected in more than one
sample, while in seawater, five compounds were suspected to have
been detected in two of the three samples. Song et al. (2018) re-
ported more PFCA-based compounds than PFSA-based compounds
in Xiaoqing River water, which receives wastewater from fluo-
rotelomer industrial parks (Song et al., 2018). In this study, an in-
verse phenomenon was found. For instance, five PFSA-based and
two PFCA-based compounds were suspected in the Haihe River
(HHR), which might be influenced by the use of AFFF (Barzen-
Hanson et al., 2017). The target Si-PFAS concentrations in the
Haihe River (98.1 ng/L) and Yongdingxin River (93.3 ng/L) were at
the same levels. However, in the Yongdingxin River, only one sus-
pected sulfonate acid (C6O3S2F17� ) was found. The Daliao River
discharge water into Liaodong Bay, and sample DLR and W30 are
geographically related. However, no compounds could be detected
in both of these samples, implying complex transport processes in
this area. W25 and W38 were at the mouth of Liaodong Bay.
Different from W25, more PFCA-based compounds (five) were
suspected than PFSA-based compounds (two) in W38.

For some specific structures, two short-chained PFSAs, per-
fluoropropane sulfonate acid (PFPrS, C2O3SF5�) and per-
fluoroheptane sulfonate acid (PFHpS, C7O3SF15� ), were detected in
the Haihe River, in which, PFOS and PFBS also have higher con-
centrations than those of most of the other natural rivers. PFPrS and
PFHpS have been detected in tap water throughout the world
(Kabore et al., 2018) and the occurrence in the Haihe River indicated
discharge from domestic waste throughout the river basin. The
trimer acid of HFPO (HFPO-TrA) was detected in W38. Song et al.
(2018) reported this compound in fluorochemical industrial parks
in the coastal area of the south Bohai Sea and in the northern Bohai
Sea implying release from the nearby area. Barzen-Hanson et al.
(2017) reported several compounds from electrochemical fluori-
nation (ECF) processes and some of themwere found in this study;
for instance, N-dihydroxybutyl dimethyl ammoniopropyl per-
fluoroalkane sulfonamide (N-diHOBAmP-FASA, C14H20O4SN2F11� )
was one ECF-derived compound which could have been detected
both in river water and seawater.

Different from other high-resolution instruments, FT-ICR could
not work tandem after a chromatography, which could separate the
homologues via retention time. And the high cost could be a
disadvantage for regular analysis of large sample series. In this
paper, the nontarget studies revealed the occurrence of emerging
PFASs in aquatic environment. With the intensities of target com-
pounds, the approximate concentrations of the nontarget ones
could be estimated at tens of picograms per liter.

4. Conclusion

This study investigated the concentrations and distributions of
39 PFASs in water, sediment, and air from the Bohai Sea and it
surrounding rivers and estimated their fluxes from rivers to sea.
PFOA was the predominant compound in the water and sediment.
PFBA and PFBS were detected in the water at higher levels than
those of the other compounds, and longer-chained (C > 8) homo-
logues had a higher detection rate in the sediment. In the air, 8:2
FTOH was the predominant compound. The rivers run through the
hotspots presented high concentrations and large discharge fluxes
to the Bohai Sea. High concentrations of some alternatives, i.e. 6:2
FTSA, Cl-6:2 PFESA, HFPO-DA, and ADONA, have been found in
certain rivers suggesting the routine monitoring needed in the
future studies. HFPO-DA flux (1310 kg/y) from rivers to the Bohai
Sea was higher than that of PFOS (224 kg/y), indicating the inten-
sive release from the hotspots. The distribution coefficients
between the particle and dissolved phases in the sea were higher
than those in the rivers, while the mechanism needs more inves-
tigation. Using high-resolutionmass spectrometry, an additional 29
nontarget compounds were found in the river water and seawater.
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