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A B S T R A C T

A total of 26 alternative and legacy perfluoroalkyl and polyfluoroalkyl substances (PFASs) were investigated in
air collected above the Bohai and Yellow Seas during a research cruise between June 28 and July 15, 2016.
∑PFAS concentrations ranged from 70 pgm−3 to 430 pgm−3 (mean 230 ± 100 pgm−3). Trifluoroacetic acid
(TFA, mean 120 ± 80 pgm−3) and 8:2 fluorotelomer alcohol (8:2 FTOH, mean 34 ± 46 pgm−3) were the
predominating compounds of ionizable PFASs (i-PFASs) and neutral PFASs (n-PFASs), respectively. The con-
tributions of C4 and C6 i-PFASs were higher than those of C8 i-PFASs. Alternative substances, such as chlorinated
6:2 polyfluoroalkyl ether sulfonic acids (Cl-6:2 PFESA, mean 1.6 ± 1.2 pgm−3) and diPAPs (mean
1.6 ± 1.3 pgm−3), were only detected on the filter. The distribution coefficient of 10:2 FTOH was higher than
8:2 FTOH, which could be explained by the length of the carbon chain. The gas phase dry deposition velocities
were simulated, and the values ranged from 0.08 ± 0.12 cm s−1 to 0.85 ± 0.28 cm s−1. For i-PFASs and
diPAPs, the estimated fluxes of the particle phase were higher than those of the gas phase. For n-PFASs and TFA,
the gas phase deposition played a key role. The ∑PFASs dry deposition fluxes were 11–290 ng (m2 d)−1 (mean
72 ± 67 ng (m2 d)−1). The measurement of the concentrations in the gas and particle phases simultaneously
provided a more comprehensive understanding of PFAS behaviours in air.
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1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances are anthropogenic
substances with a fluorocarbon moiety

+

−C Fn 2n 1 (Buck et al., 2011).
These substances have been widely used for more than 60 years in in-
dustrial and household applications, including textile coatings, metal
plating, paper treatments, and fire-fighting foams (Ahrens et al., 2012;
Deng et al., 2018). Some PFASs are thermally and chemically stable and
can be transported long distances through air and water; they have also
been detected in worldwide coastal and marine environments (Ahrens
et al., 2011a; Benskin et al., 2012; Heydebreck et al., 2015; Wang et al.,
2015a). Ionizable PFASs (i-PFASs), such as perfluoroalkyl carboxylic
acids (PFCAs) and perfluoroalkane sulfonic acids (PFSAs), are strong
acids and are mainly distributed in water and particles (Benskin et al.,
2012; Ge et al., 2017), whereas most neutral PFASs (n-PFASs), such as
fluorotelomer alcohols (FTOHs), perfluorooctane sulfonamides
(FOSAs), and perfluorooctane sulfonamidoethanols (FOSEs), are vola-
tile and are mainly distributed in air (Li et al., 2011; Shoeib et al.,
2010). Because of their (bio)degradation, n-PFASs are considered in-
direct sources of i-PFASs (Dassuncao et al., 2017; Ellis et al., 2004;
Martin et al., 2006). Due to their toxicity and potential threat to eco-
systems and human health (Giesy et al., 2010; Mahapatra et al., 2017;
Trasande et al., 2017), the manufacture and application of 8-carbon
groups (C8), such as perfluorooctane sulfonic acid (PFOS) and their
related compounds, have been regulated worldwide (UNEP, 2017a; b).
After the phase-out of C8 homologues, shorter-chained substitutes, such
as perfluorobutanoic acid (PFBA) and perfluorobutane sulfonate acid
(PFBS) (Moeller et al., 2010), as well as other alternatives, such as
chlorinated polyfluorinated ether sulfonate (Cl-PFAES) (Deng et al.,
2018) and 3H-perfluoro-3-[(3-methoxy-propoxy) propanoic acid
(ADONA) (Fromme et al., 2017), are more concerning because of their
occurrence in the environment and in biota. Trifluoroacetic acid (TFA)
has the shortest carbon length and was detected at high levels in wet
deposition and aquatic systems, while the distribution in aerosols has
been less frequently investigated (Hu et al., 2013; Wu et al., 2014).
Additionally, polyfluoroalkyl phosphoric acid diesters (diPAPs), which
are used in food paper packaging, have been widely detected in indoor
dust and human serum (D'Eon et al., 2009; Eriksson and Karrman,
2015), and they were considered possible precursors of i-PFASs (D'Eon
and Mabury, 2007, 2011; Lee et al., 2010).

The gas/particle distribution and the dry deposition influenced the
distribution and transport of PFASs in the atmospheric environment.
Although the high volume air sampler results in bias in the determi-
nation of partition coefficients (Ahrens et al., 2012; Arp et al., 2008), it
is still quite popular in PFAS studies (Bossi et al., 2016) (Wong et al.,
2018), and as Wang et al. (2014b) reported, no significant differences
were found between the measured and the corrected coefficients for n-
PFASs. The Kp values increased with the increasing relative humidity in
the air, which suggested the strong partitioning potential of the particle
phase in marine atmospheres (Arp et al., 2008). However, fewer studies
in marine air than land and coastal city air have been conducted
(Ahrens et al., 2012; Shoeib et al., 2004; Yao et al., 2017b). The dry
deposition was an important path for PFAS transport from air to surface
water, while the estimation of fluxes based on field investigation have
been rare.

The Bohai Sea is a semi-closed sea that receives large amount of
PFASs from adjacent rivers because of the development of fluor-
otelomer industries in coastal cities (Chen et al., 2017a; Wang et al.,
2014a). The Yellow Sea receives contaminates not only from Chinese
mainland but also from the Korean Peninsula. Previous studies reported
the manufacture and release of PFASs in surrounding countries and
their ubiquitous occurrence in aquatic systems (Chen et al., 2017c; Lam
et al., 2014; Xie et al., 2013a, 2013b). One previous study conducted by
the same group investigated the n-PFASs in the gas phase (Zhao et al.,
2017), but comprehensive investigation of i-PFASs and n-PFASs in air
above the two seas are lacking, and the dry deposition fluxes to the

surface water are unknown.
The aims of this study were i) to investigate the distribution and

sources of alternative and legacy PFASs in air above the Bohai and
Yellow Seas, and ii) to estimate the distribution coefficients of i- and n-
PFASs in marine air and to simulate the dry deposition.

2. Materials and methods

2.1. Sampling collection

Air samples were taken from the front of the upper deck (15m
above sea level) of the China research vessel Dongfanghong 2 in the
Bohai and Yellow Seas (32–39.65°N, 119–124°E) from June 28 to July
16, 2016 (Figure S1). Sixteen samples (∼350m3 per sample, 24 h) were
taken using a high-volume air sampler equipped with a glass fibre filter
([GFF], GF/F, pore size: 0.7 μm) to trap the particle phase and a self-
packed PUF/XAD-2 glass column (PUF: 5.0 cm×2.5 cm; 35 g XAD-2,
particle size: 0.3–1.0 mm) for the gas phase (Xie et al., 2013c). Jo-
hansson et al. suggested that a layer of humidity could scavenge gas-
eous i-PFASs from the filters. During this campaign, the relative hu-
midity of the air ranged from 76.2% to 97.3%, and a layer of water
formed very quickly once the sampling started. The air columns and
filters were stored at −20 °C until analysis. The sampling parameters,
including date, position, air and surface water temperature, and wind
direction and speed, are listed in Table S1.

2.2. Standards and chemicals

The information on the standards used in this study is presented in
Table S2. The native standards included 17 i-PFASs, C2-C12PFCAs, C4,
C6 and C8 PFSAs, Cl-6:2 and Cl-8:2 PFESA, ADONA and HFPO-DA, 7 n-
PFASs, 6:2, 8:2 and 10:2 FTOH, Me- and Et-FOSA, Me- and Et-FOSE,
and 2 diPAPs, 6:2 and 8:2 diPAP. Twelve mass-labelled standards for
quantification were used as the internal standards (ISs): 13C-labelled
C2-, C4-, C8-PFCAs, C8-PFSAs and 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy) propanoic acid (HFPO-DA), 18O-labelled C6-
PFSAs, 1H- and 13C-labelled 6:2 and 8:2 FTOH, 13C-labelled N-EtFOSA,
N-EtFOSE, and 13C-labelled 6:2 and 8:2 diPAP. 13C-labelled 8:2 FTUCA
and 7:1 FTOH were employed as the injection standards (InjSs). All the
standards were purchased from Wellington Laboratories (Ontario, Ca-
nada). Methanol, acetone, dichloromethane (DCM), and n-hexane were
all residue grade. Methanol was purchased from Merck (Darmstadt,
Germany), and acetone, dichloromethane (DCM), and n-hexane were
purchased from CNW (Kolner, Germany). Ammonium hydroxide
(NH4OH) (25%) was purchased from Aladdin (Kolner, Germany). Ul-
trapure Millipore water was produced by a Milli-Q® Plus 185 system
(Zug, Germany), and the details of the analytical method could be
found elsewhere (Tian et al., 2018).

2.3. Extraction and analysis

The pretreatment of the samples has been described elsewhere
(Wang et al., 2014b; Yao et al., 2017a). Briefly, the air columns were
Soxhlet-extracted by DCM for 24 h after being spiked with 10 ng
(0.5 ng μL−1, 20 μL) IS and were then switched to methanol for another
24 h to collect possible residue. For the filter samples, the filter was cut
in half. One half was used for Soxhlet extraction with DCM for 24 h, and
the other half was ultrasonically extracted three times with 15mL
methanol. All the extracts were concentrated with rotary evaporation to
approximately 2mL. The extracts were further concentrated to 200 μL
under a gentle stream of high purity nitrogen (> 99.99%) after being
transferred to the keeper solvent (methanol for i-PFASs and diPAPs and
n-hexane for n-PFASs). Before instrument analysis, the samples were
spiked with InjS.

For i-PFASs and diPAPs, quantification was performed by a high-
performance liquid chromatography-tandem mass spectrometry system
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(HPLC-MS/MS) with an Agilent1260 liquid chromatography and an
Agilent 6460 mass spectrometer and operated in electrospray negative
ionization (ESNI) multiple-reaction monitoring (MRM) mode. For n-
PFASs, quantification was performed by an Agilent 7890B gas chro-
matograph coupled with an Agilent 5977B mass spectrometer (GC-MS)
in selective ion monitoring (SIM) mode with chemical ionization (CI)
using methane as the reagent gas. The details of instrumental analysis
are provided in Text S1.

2.4. Quality assurance and quality control

Before sampling, all the air columns were pre-cleaned by Soxhlet
extraction with methanol, DCM and n-hexane for 24 h. GFFs were he-
ated at 450 °C for 12 h prior to use. All the materials which may contact
our sample were repleaced with PP or glass. To avoid degradation of the
target compounds, the air columns were protected against sunlight.
Two field blanks and three procedure blanks were prepared. PFOA and
PFOS were found in the blank samples, which had average concentra-
tions of 0.085 ± 0.034 pgm−3 and 0.11 ± 0.014 pgm−3, respec-
tively. The instrumental detection limit (IDL) was defined using a
signal-to-noise ratio of 3. Method quantification limits (MQLs) for
analytes detectable in blanks were derived from three times the stan-
dard deviation plus the mean value in blanks. For the analytes not
detectable in blanks, a signal-to-noise ratio of 10 was used as the MQL.
The IDLs and MQLs for the individual compounds are presented in
Table S3. Average recoveries of mass-labelled standards were between
60 ± 12% (13C4-PFOA) and 100 ± 19% (13C2-6:2 diPAP) (Table S4).
Concentrations were not modified by IS recoveries.

2.5. Air mass back-trajectories

Five-day air mass back trajectories (BTs) were calculated for each
air sample in 6 h steps by NOAA's HYSPLIT model (Draxler and Hess,
1997). The sampling height was set at 10m above sea level.

2.6. Gas/particle distribution

The measured particle phase fraction φ was determined by the
following equation:

=

+

φ
C

C C
p

p g (1)

Here, Cp and Cg were the measured concentrations of PFASs in particle
and gas phases (pg·m−3), respectively.

The experimental organic matter normalized distribution coefficient
between gas and particle phases, Kp, was described by the following
equation (Pankow and Bidleman, 1991; Yamasaki et al., 1982):

=K
C /C

Cp
p TSP

g (2)

Here, CTSP was the total suspended particle concentration (μg·m−3).
Parallel samples were taken on the same cruise, and the data were re-
ported by Li et al. (2018).

2.7. Calculation of gas and particle phase dry deposition

The details of the simulation of the gas phase deposition velocity
were described by our previous study (Zhao et al., 2017). Modifications
were used in this study. Briefly, velocities at heights of 1.5 m, 3.9m and
10m were estimated. Contaminants near the water layer had the faster
deposition velocities. The velocities were calculated every five hours
using meteorological parameters of temperature, pressure, wind direc-
tion and wind speed. To estimate the flux of gas deposition, mean ve-
locities were used. The particle phase dry deposition velocity was
suggested to be 0.2 cm s−1 in coastal and marine air (Wang et al.,

2015b). The deposition fluxes could be calculated by the following
equation:

= +F C v C vdry g g p p (3)

Here, Cg and Cp were the concentrations in gas and particle phases,
respectively. vg and vp were the deposition velocities for gas and particle
phases, respectively.

3. Results and discussion

3.1. Concentrations, composition and sources of PFASs in air

Concentrations of PFASs are presented in Fig. 1 and Table S5-11. C2,
C4-C10 PFCAs and C6 and C8 PFSAs were detected in the gas phase. More
i-PFAS homologues were found in the particle phase, such as C11-C12

PFCAs, C4 PFSAs and Cl-6:2 PFESA. The concentrations of TFA were
two to three orders of magnitude higher than other individual i-PFASs
ranging from 11 to 270 pgm−3 (mean 120 ± 80 pgm−3). Excluding
TFA, the concentrations of ∑i-PFASs ranged from 36 pgm−3 to
110 pgm−3 (mean 64 ± 22 pgm−3). PFBA and PFHxA were the pre-
dominating compounds with concentrations ranging from 9.4 pgm−3

to 35 pgm−3 (mean 18 ± 6.9 pgm−3) and from 4.9 pgm−3 to
51 pgm−3 (mean 16 ± 11 pgm−3), respectively. One alternative
homologue of PFOS (Deng et al., 2018), Cl-6:2 PFESA, was detected in
the particle phase with concentrations ranging from<0.04 pgm−3 to
3.9 pgm−3, which was significantly lower than that detected in Dalian
City (722 pgm−3 in 2014) (Zhao et al., 2017). The 6:2 and 8:2 diPAPs
were detected in the particle phase with ∑diPAPs concentrations ran-
ging from<MQL to 5.3 pgm−3 (mean 1.6 ± 1.3 pgm−3). Six n-PFASs

Fig. 1. Concentrations (pg·m−3) of PFASs in the air above the Bohai and Yellow
Seas. a: 8:2 FTOH and TFA, b: 10:2 FTOH, PFBA, PFHxA and PFOA, and c: other
homologues detected in samples.
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were quantified in the gas phase: 6:2, 8:2 and 10:2 FTOH, MeFOSA,
EtFOSA and MeFOSE. Three homologues were quantified in particle
phase: 8:2 and 10:2 FTOH and EtFOSE. The concentrations of ∑n-PFASs
ranged from 6.8 pgm−3 to 170 pgm−3 (mean 51 ± 50 pgm−3). The
8:2 and 10:2 FTOH were the predominant compounds with con-
centrations ranging from 1.3 pgm−3 to 170 pgm−3 (mean
34 ± 46 pgm−3) and< 0.42 pgm−3 to 78 pgm−3 (mean
12 ± 19 pgm−3), respectively.

The composition of i-PFASs (excluding TFA) is presented in Figure

S2. The contributions of short-chain i-PFASs, such as PFBA
(29% ± 7%) and PFHxA (22% ± 9%), were higher than C8 i-PFASs,
such as PFOA (18 ± 9%) and PFOS (8% ± 3%), indicating a shift
towards use of short-chained PFASs. The ratios of PFCA homologues
were suggested to be markers for degradation of FTOHs (Young et al.,
2007). The ratios of PFDA to PFUnDA (1.1 ± 0.4) were close to the
indirect source (0.9 ± 0.8), suggesting the degradation of 10:2 FTOH
in the air (Young et al., 2007). The ratio of PFOA to PFNA was
4.5 ± 3.4, which was higher than the indirect source (1.5 ± 0.8)

Fig. 2. Concentrations (pg·m−3) and distributions of PFASs in the air above the Bohai and Yellow Seas. a: TFA, b: i-PFASs (no TFA), c: diPAPs, and d: n-PFASs.
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(Ellis et al., 2004; Young et al., 2007). Chen et al. investigated the i-
PFAS concentrations in Bohai coastal water. The ratio of PFOA to PFNA
was over 100, and direct release was considered the main source (Chen
et al., 2017b). i-PFASs in coastal and marine surface waters could
transport to air as aerosols and then undergo long-range atmospheric
transport, which was identified as the direct source (Ahrens et al.,
2011b; Prevedouros et al., 2006; Yao et al., 2017b). The significantly
lower ratios of PFOA to PFNA in air compared to coastal water sug-
gested the moderate contribution of direct sources. As the major in-
gredient of F-53B used for metal plating industries, Cl-6:2 PFESA was
detected to have a low contribution of 2% ± 1% of ∑PFASs, which was
lower than PFOS (8% ± 3%). Liu et al. (2017) reported a larger con-
tribution of Cl-6:2 PFESA (37–95%) than PFOS in Dalian, China, which
had a converse composition pattern. The degradation of Cl-6:2 PFESA
to hydrogen-substituted PFESAs has been reported in anaerobic con-
ditions (Lin et al., 2017). More studies should be conducted to illustrate
the possible degradation in air and during transport. As PFOA alter-
native substances, HFPO-DA and ADONA could not be quantified in air
samples. High concentrations of HFPO-DA have been detected in rivers
and Bohai coastal water (Heydebreck et al., 2015), and the migration
between the air and water requires further investigation. The major
sources of TFA in the environment were the degradation of ozone-de-
pleting substances (ODS), such as hydrochlorofluorocarbons (HCFCs)
(Metz et al., 2000; Russell et al., 2012). The thermolysis of per-
fluorinated polymers was a possible source that has received more at-
tention because of concern over PFASs (Ellis et al., 2001).

The composition of n-PFASs is presented in Figure S3. Concentra-
tions of 8:2 FTOH and 10:2 FTOH accounted for 19%–99% and
16%–57% (excluding one sample below the MQL) of ∑n-PFASs con-
centrations, respectively, which was consistent with a study conducted
in 2012 (Zhao et al., 2017). Concentrations of ∑FTOHs
(48 ± 50 pgm−3) were one to two orders of magnitude higher than
ΣFOSAs (0.61 ± 0.48 pgm−3) and ΣFOSEs (1.5 ± 0.93 pgm−3). The
fingerprint ratios of 6:2 to 8:2 FTOH and 10:2 to 8:2 FTOH were
0.01–0.41 and 0 to 1.69, respectively, which were different from the
study conducted in 2012 (6:2 to 8:2 FTOH: 0.01 to 0.04 and 10:2 to 8:2
FTOH: 0.08 to 0.33), suggesting a change in usage (Zhao et al., 2017).
The ratios for commercial fluorotelomer products were 0.02 (6:2 to 8:2
FTOH) and 0.6 (10:2 to 8:2 FTOH), and for lubricants, the rations were
0.98 and 0.74, respectively (Li et al., 2011). The large range of sub-
stance ratios suggested complex sources and their use in various com-
mercial products. diPAPs have been widely detected in dust because of
their affinity for particles, which was consistent with this study (De
Silva et al., 2012; Eriksson and Karrman, 2015). diPAPs were possible
precursors of FTOHs and PFCAs (Lee et al., 2010; Liu and Liu, 2016). In
this study, concentrations of 6:2 diPAPs (1.1 ± 1.1 pgm−3) were at
comparable levels with 6:2 FTOH (3.2 ± 1.7 pgm−3), and concentra-
tions of 8:2 diPAPs (0.45 ± 0.27 pgm−3) were significantly lower than
8:2 FTOH (34 ± 46 pgm−3), which indicated moderate release from
food packaging and personal care products (Begley et al., 2008).

3.2. Distribution of PFASs and air mass origination

The spatial distribution of the ∑PFASs concentrations are presented
in Fig. 2. The results of air mass BTs of individual air samples are
provided in Figure S6. High concentrations were found in A03
(430 pgm−3), A05 (305 pgm−3), A09 (362 pgm−3) and A12
(370 pgm−3), which were all distributed in Yellow Sea. For different
groups of PFASs, the distributions were different. The highest con-
centrations of TFA were found in A05 (240 pgm−3), for which air mass
was the land source, and A09 (270 pgm−3), for which air mass was
mainly from the Yellow Sea (Fig. 2a). On the mainland, especially the
cities, the precursor concentrations were higher than in remote areas
(Chan et al., 2006), which could result in the high concentration of ODS
products. While transporting to the coast and sea, TFAs were generated
and deposited along the way (Antinolo et al., 2017; Jimenez et al.,

2016). On the coast, the high concentrations of hydroxyl radicals pos-
sibly enhanced the photochemical transformation of precursors and
then elevated the TFA levels (Mopper and Zhou, 1990). For ∑i-PFASs
(excluding TFA), high concentrations were found in the Bohai Sea
(A14:100 pgm−3 and A16: 90 pgm−3) and the Yellow Sea (Fig. 2b).
The air mass of A14 mainly originated from the Bohai coast where
fluorotelomer industrial parks are located (Heydebreck et al., 2015),
and for A16, the air mass went through another hot spot in Liaoning
Province (Bao et al., 2017). Different from other PFAS homologues,
high concentrations of diPAPs were mainly distributed far away from
the Chinese mainland (A02:5.3 pgm−3 and A03:3.3 pgm−3), and the
air mass mainly originated from the southeast part of China and went
through the coast of Zhejiang Province (Fig. 2c). The highest con-
centration of ∑n-PFASs (excluding TFA) was found in A03 (170 pgm−3)
in the Southern Yellow Sea, and the air mass was mainly from Pearl
River Delta and transported through the central part of southeast China,
which was different from other samples (Fig. 2d) (Liu et al., 2015a).

3.3. Gas/particle distribution of PFASs

TFA was an ionizable homologue (pKa=0.23) mainly distributed in
the gas phase. The particle phase fraction φ values of TFA varied over a
large range from 0 to 100% (mean 27% ± 32%), which was consistent
with coastal cities and one inland city in China (Hu et al., 2013; Yao
et al., 2016, 2017a). The factors that influence TFA distribution were
complex. On one hand, the high vapor pressure (13 kPa) makes it tend
to partition in the gas phase (Draxler and Hess, 1997). On the other
hand, the high humidity over the seas (76.2–97.3%) makes it distribute
in the aqueous film of particles due to its low pKa value (Wang et al.,
2014b).

The φ values of n-PFASs in the Bohai and Yellow Seas were calcu-
lated for 8:2 and 10:2 FTOH in 8 samples because of the low detection
frequency and high MQLs in the particle phase. The φ values for 10:2
FTOH (7% ± 1%) were higher than 8:2 FTOH (3% ± 2%), which was
consistent with a coastal site in Germany (Wang et al., 2014b). The
measured log Kp values were −3.4 ± 0.4 for 8:2 FTOH (5 samples)
and −2.3 ± 0.8 for 10:2 FTOH (2 samples), respectively, which had
an increasing trend with the longer carbon chain (Yuan et al., 2016).
The log Kp values of 8:2 FTOH in the air over the Bohai and Yellow Seas
(−3.4 ± 0.4) were lower than the coastal city in Germany (−3.1) and
a site in Canada, which was partly because of the higher temperature on
this cruise (23.3 ± 0.60 °C) than previous studies (10.4 °C for German
site and −9.4-7.7 °C for Canadian site) (Ahrens et al., 2012; Yuan et al.,
2016).

3.4. Comparison with worldwide PFASs concentrations in air

The comparison of PFAS concentrations in previous studies is shown
in Table S12. TFA concentrations (120 ± 80 pgm−3) in the air above
the Bohai and Yellow Seas were significantly lower than those in
Beijing, China (1580 ± 558 pgm−3) (Hu et al., 2013) and Toronto,
Canada (760 pgm−3) (Liu et al., 2015a) which could indicate the levels
in cities. The concentrations of ∑PFCAs and SAs in the air above the
Bohai and Yellow Seas (48–110 pgm−3) were lower than those of the
coastal cities of the Bohai Sea (mean 151 pgm−3) (Pankow and
Bidleman, 1991), suggesting deposition during transport. PFOA con-
centrations (3.7–43 pgm−3) were at the same levels as a weast water
treatment plant (2.99–47.3 pgm−3) and landfills
(< 0.04–46.2 pgm−3) in Canada (Yamasaki et al., 1982), but higher
than in Shenzhen, China (1.5–15 pgm−3) (Liu et al., 2015b) and some
European cities, such as Zurich, Switzerland (7.7 pgm−3) (Muller et al.,
2012), Kejeller, Norway (1.54 pgm−3) and Manchester, UK
(15.7 pgm−3) (Barber et al., 2007), which suggested that PFOA pol-
lution should be highly concerning for the future. For PFOSs, the con-
centrations (1.5–6.9 pgm−3) were lower than a source region in
Tianjin, China (3.20–171 pgm−3) (Yao et al., 2016) and a WWTP in
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Canada (3.05–171 pgm−3) (Yamasaki et al., 1982), while they were
comparable with European cities (1–2.3 pgm−3 for Zurich, Switzer-
land, Kejeller, Norway and Manchester, UK) (Barber et al., 2007; Muller
et al., 2012). As the substitutes of C8 PFASs, PFBA concentrations in the
air above the Bohai and Yellow Seas (9.4-35 p pg·m−3) were compar-
able to coastal cities (3.07–91.2 pgm−3 in summer), while PFBS con-
centrations in marine air (0.26–1.7 pgm−3) were lower than coastal
cities (37.7–110 pgm−3 in summer) (Pankow and Bidleman, 1991).

Compared with the data from 2012, which was obtained by the
same method targeting a similar area, the ∑FTOHs concentrations
(3.9–170 pgm−3) were lower than those in 2012 (73–543 pgm−3)
suggesting a decreasing volume of manufacture and usage (Zhao et al.,
2017). Comparable concentrations were reported in the Gulf of Mexico
and East Coast of the USA (5.46–156 pgm−3) (Shoeib et al., 2010),
Büsum, German coast (7.3–146 pgm−3) (Wang et al., 2014b) and North
Sea (37–127 pgm−3) (Xie et al., 2013c) where FTOHs mainly origi-
nated from land-based sources, and in the Beaufort Sea
(39–138 pgm−3), Hudson Bay (44–129 pgm−3), and Canadian Arctic
(Ahrens et al., 2011a) where levels were highly influenced by the Arctic
air mass. Concentrations of ∑FTOHs (3.9–170 pgm−3) were lower than
Asian (51.4–1210 pgm−3) (Li et al., 2011) and European cities
(50–789 pgm−3) (Barber et al., 2007; Jahnke et al., 2007; Muller et al.,
2012) and higher than in background areas (nd-49.9 pgm−3) (Shoeib
et al., 2010) and open oceans (2.49–67.12 pgm−3) (Wang et al.,
2015a). For ΣFOSAs and ΣFOSEs, the concentrations in the air above
the Bohai and Yellow Seas (0.28–1.2 pgm−3 for ΣFOSAs and
1.4–2.6 pgm−3 for ΣFOSEs) were comparable to the data from 2012
(1.3–11 pgm−3 for ΣFOSAs and<0.10–0.27 pgm−3 for ΣFOSEs)
(Zhao et al., 2017) and the Atlantic Ocean (0.10–1.38 pgm−3 for
ΣFOSAs and 0.05–2.00 pgm−3 for ΣFOSEs) (Wang et al., 2015a).
Higher concentrations of ΣFOSEs were detected than those of ΣFOSAs
in previous studies, while the same pattern was not found in Bohai and
Yellow Sea air.

3.5. Dry deposition of PFASs in surface water

Considering the sampling height, the 10m gas phase deposition
velocities were used to discuss PFAS deposition (Table S13). The ve-
locities varied from 0.08 ± 0.12 cm s−1 (A08) to 0.85 ± 0.28 cm s−1

(A03). The dry deposition fluxes of individual PFASs are presented in
Table 1 and Table S14-S20. For TFA, the deposition fluxes ranged from
1.9 to 150 ng (m2 d)−1 (mean 41 ± 40 ng (m2 d)−1). Gas deposition
played a key role accounting for 77% ± 67% of total fluxes. For other
i-PFASs, fluxes of ∑i-PFASs varied from 0.076 ng (m2 d)−1 to
18 ng (m2 d)−1 (10 ± 5.3 ng (m2 d)−1). Different from TFA, particle

deposition (81% ± 32%) was a higher percentage than gas deposition
for ∑i-PFASs. Cl-6:2 PFESA had the same deposition flux levels
(0.24 ± 0.21 ng (m2 d)−1) as PFHxS (0.35 ± 0.083 ng (m2 d)−1). The
deposition fluxes of ∑n-PFASs ranged from 0.71 ng (m2 d)−1 to
130 ng (m2 d)−1 (mean 21 ± 31 ng (m2 d)−1), which were higher than
Büsum, Germany (1.3 ± 0.63 ng (m2 d)−1) (Wang et al., 2014b). The
deposition fluxes of ∑n-PFASs were lower than TFA (mean
41 ± 40 ng (m2 d)−1) but higher than ∑i-PFASs excluding TFA
(10 ± 5.3 ng (m2 d)−1). 8:2 FTOH possessed the highest fluxes of
15 ± 31 ng (m2 d)−1, which was one or two orders of magnitude
higher than other homologues. ∑diPAPs fluxes
0.27 ± 0.22 ng (m2 d)−1 were comparable to Cl-6:2 PFESA, and the
particle deposition was the key process. 6:2 diPAP
(0.19 ± 0.20 ng (m2 d)−1) had higher fluxes than 8:2 diPAPs
(0.077 ± 0.047 ng (m2 d)−1).

The distributions of dry deposition fluxes (ng·(m2 d)−1) are shown
in Fig. 3. The highest flux (290 ng (m2 d)−1) was found at A03, at which
the highest concentration of ∑PFASs (430 pgm−3) was detected. Site
A08 posed the lowest flux (11 ng (m2 d)−1) due to the low deposition
velocity (0.08 ± 0.12 cm s−1).

The n-PFASs could degrade in air and were then deposited into the
water. For instance, 8:2 FTOH was a precursor of PFOA, and the con-
tribution from atmospheric degradation was up to 6% (Wallington
et al., 2006). Assuming 6% PFOA was generated from 8:2 FTOH de-
gradation, the indirect source fluxes of PFOA were

Table 1
Dry deposition fluxes (ng·(m2 d)−1) of PFASs in the air above the Bohai and Yellow Seas.

Compound Gas phase Particle phase Compound Gas phase Particle phase

TFA NA-150 (44 ± 40) NA-5.9 (3.1 ± 1.6) 6:2 diPAP NA NA-0.79 (0.19 ± 0.20)
PFBA NA-1.8 (0.36 ± 0.45) 1.6–5.9 (2.9 ± 1.2) 8:2 diPAP NA NA-0.21 (0.078 ± 0.047)
PFPeA NA-0.62a 0.26–1.1 (0.51 ± 0.19) ΣdiPAP NA NA-0.92 (0.27 ± 0.22)
PFHxA NA-0.24 (0.073 ± 0.080) NA-8.8 (2.7 ± 1.9) 6:2 FTOH 0.053–4.3 (1.2 ± 1.0) NA
PFHpA NA-0.16 (0.086 ± 0.073) 0.40–1.1 (0.68 ± 0.19) 8:2 FTOH 0.13–120 (15 ± 31) NA-0.31 (0.14 ± 0.085)
PFOA NA-0.54 (0.12 ± 0.14) 0.60–7.4 (2.0 ± 1.7) 10:2 FTOH NA-24 (4.4 ± 6.1) NA-0.19 (0.12 ± 0.048)
PFNA NA-0.28 (0.10 ± 0.069) 0.28–0.62 (0.40 ± 0.096) ΣFTOHs 0.40–120 (20 ± 31) NA-0.50 (0.20 ± 0.14)
PFDA NA 0.057–0.19 (0.10 ± 0.033) MeFOSA NA-0.23 (0.12 ± 0.071) NA
PFUnA NA-0.091a NA-0.19 (0.095 ± 0.037) EtFOSA NA-0.64 (0.22 ± 0.071) NA
PFDoA NA NA-0.074a ΣFOSAs NA-0.87 (0.23 ± 0.23) NA
PFBS NA NA-0.29 (0.016 ± 0.071) MeFOSE NA-1.3 (0.67 ± 0.32) NA
PFHxS 0.0041–0.12 (0.038 ± 0.028) 0.21–0.45 (0.31 ± 0.076) EtFOSE NA NA-0.078a

PFOS 0.032–0.30 (0.13 ± 0.074) 0.19–1.1 (0.74 ± 0.25) ΣFOSEs NA-1.3 (0.50 ± 0.40) NA
Cl-6:2 PFESA NA Na-0.67 (0.27 ± 0.21) Σn-PFASs 0.71–120 (21 ± 31) 0.073–0.50 (0.21 ± 0.15)
Σi-PFAS (no TFA) 0.076–4.0 (0.77 ± 0.97) NA-17 (11 ± 3.9) ΣPFASs 5.7–270 (60 ± 65) 0.085–19 (12 ± 5.6)
Σi-PFASs 0.076–150 (39 ± 40) 8.3–19 (13 ± 3.5)

NA: Not available.
a Detectable in one sample.

Fig. 3. Distribution of the dry deposition fluxes (ng·(m2 d)−1) in the air above
the Bohai and Yellow Seas.
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0.91 ± 1.8 ng (m2 d)−1. It is difficult to distinguish between the in-
direct and direct sources based on this study because the PFOA was
quantified partly from the degradation of precursors at other air layers.
However, the indirect source could not be ignored because i) not only
8:2 FTOH could degrade to PFOA., such as 10:2 FTOH and 8:2 diPAP,
which were potential contributors of indirect sources (Ellis et al., 2004;
Liu and Liu, 2016), and ii) the degradation of precursors will be
strengthened by the enrichment of OH radicals, Cl atoms and high
humidity in coastal environments (Ellis et al., 2004; Wallington et al.,
2006). More studies should be conducted on PFAS degradation, parti-
tion and deposition behaviours in marine environments.

4. Conclusion

The concentrations and distributions of alternative and legacy
PFASs in gas and particle phases were investigated in the semi-closed
Bohai and Yellow Seas in China. The contributions of shorter chained
substances were larger than those of the legacy C8 homologues. One
alternative compound of PFOS, Cl-6:2 PFESA, was detected in the air
particles, but the percentage of ∑PFASs (2% ± 1%) was still lower than
those of PFOS (8% ± 3%). The air mass origination analysis indicated
that the air mass with the highest concentration of TFA was mainly
from the air above the two seas, while the other PFASs were mainly
from the Chinese mainland and the coast of South Korea. Dry deposition
fluxes were estimated based on the field concentrations. This study
suggested a feasible method for monitoring the dry deposition of con-
taminants in marine air.
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