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A B S T R A C T   

The Yellow Sea (YS), the East China Sea (ECS) and their coastal areas have undergone rapid urbanization and 
industrialization. These areas are important sinks for many persistent organic pollutants. In this study, the 
concentration of legacy and emerging per- and polyfluoroalkyl substances (PFAS) in marine sediments from the 
YS and ECS were investigated. Nineteen PFAS were identified, ranging in concentration from 0.21 ng/g to 4.74 
ng/g (mean: 1.60 ng/g). Legacy long-chain PFAS [e.g., perfluorooctanoic acid (PFOA), perfluorononanoic acid 
(PFNA), and perfluorooctane sulfonate (PFOS)] were the dominant contaminants. Alternative PFAS such as 6:2 
chlorinated polyfluorinated ether sulfonate (6:2 Cl-PFESA) and 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoro-
propoxy) propanoic acid (HFPO-DA) were identified within the detection range of 16%–100%. HFPO-DA was 
measured in all sediments in equivalent levels to PFOS (0.119 ng/g and 0.139 ng/g, respectively). This is the first 
reported occurrence of perfluoro-1-butanesulfonamide (FBSA) and HFPO-DA in marine sediments, indicating a 
replacement in the production of PFAS from legacy to emerging ones along with eastern coastal cities of China. 
The results of the potential source identification demonstrated that metal plating plants, textile treatments, 
fluoropolymer products, food packaging, and the degradation of volatile precursor substances were the main 
sources of PFAS in the ECS and YS. The environmental risk assessment based on the risk quotient demonstrated 
that PFOA and PFOS in the ECS and YS may present a low to medium risk at most sampling points.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are persistent organic 
pollutants (POPs) of significant global concern. In particular, the emis-
sion of perfluoroalkyl acids (PFAAs) has drawn considerable attention 
because of the potential environmental and health risks they pose (Wang 
et al., 2016). Representative substances, perfluorooctane sulfonate 
(PFOS), perfluorooctanoic acid (PFOA) and related substances, were 
listed in the Stockholm Convention in 2009 and 2019, respectively 
(UNEP, 2009, 2019), while perfluorohexane sulfonic acid (PFHxS) and 
its related chemicals were recommended to be listed in the Stockholm 
Convention in 2017 as POPs’ candidate (UNEP, 2017). 

Restrictions on PFOA, PFOS and long-chain PFAS have led to the 
production and use of numerous emerging PFAS, including short-chain 
PFAS [e.g. perfluorobutanoic acid (PFBA) and perfluorobutane sul-
fonic acid (PFBS)] and alternative poly/perfuorinated compounds [e.g. 
polyfluorinated ether sulfonate (PFESA), polyfluoroalkyl ether carbox-
ylic acid (PFECA) and fluorotelomer sulfonic acids (FTSs)] (Feng et al., 
2020). Li et al. pointed out that short-chain PFAS are more widely 
detected, more persistent, and more mobile in aquatic systems, and may 
pose a greater risk to human and ecosystem health (Li et al., 2020a). 2,3, 
3,3-tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy) propanoic acid 
(HFPO-DA), commercially known as GenX, is by far the most widely 
used in manufacturing to replace PFOA as a processing aid (Pan et al., 
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2018; Sun et al., 2016). Previous studies have shown that HFPO-DA is 
chemically stable and environmentally persistent, and it is more toxic 
than its predecessor PFOA (Gomis et al., 2018). The brand name F-53B, 
Cl-PFESAs, is a PFOS substitute, composed of 6:2 Cl-PFESA and 8:2 
Cl-PFESA, which has been used as an antifogging agent in China since 
the 1970s and has attracted widespread attention (Deng et al., 2018; 
Wang et al., 2013). The median total elimination half-lives of 6:2 
Cl-PFESA (median 15.3 years) in the human body is even longer than 
that of legacy PFOS (median 6.7 years), indicating it’s by far the most 
bio-persistent PFAS (Shi et al., 2016). As an emerging PFAS class, n:2 
FTSs (n = 4, 6, 8, 10) have been proven to be degradable into PFCAs, 
they are mainly used as the main component of aqueous film-forming 
foams (AFFFs) and chromium fog inhibitors (Eriksson et al., 2017). 
Overall, studies have confirmed that these poly/perfuorinated alterna-
tives (e.g., HFPO-DA and 6:2 FTS) exerted hepatotoxicity (Sheng et al., 
2017; Wang et al., 2019b). As alternative PFAAs precursors, per-
fluoroalkane sulfonamides (FASAs) have repeatedly identified in tap 
water, such as perfluorobutane sulfonamide (FBSA, C4), perfluorohexan 
sulfonamide (FHxSA, C6), and perfluorooctane sulfonamide (FOSA, C8) 
(Kaboré et al., 2018). All these results have suggested that these 
emerging PFAS are widely present in the environment, and have envi-
ronmental persistence, bioaccumulation, and toxicity (Chen et al., 2019; 
Gomis et al., 2018; Lee et al., 2020), therefore, their presence in the 
environment, source apportionment, and the necessary risk assessments 
are worth investigating. 

Ocean sediments are considered to be an important reservoir for 
PFAS because they easily interact with water columns and can provide 
hydrophobic media conducive to many organic pollutants (Bigus et al., 
2014). Sediments can accumulate large amounts of PFAS, which may 
ultimately affect the environment, aquatic organisms, and humans in the 
ecosystem (Ahmed et al., 2020). PFAS have been detected in a range of 
concentrations in sediments globally, including the Bohai Sea, China 
(Gao et al., 2014; Zhao et al., 2020), Pearl River Estuary area, China 
(Gao et al., 2015), Lake Tana, Ethiopia (Ahrens et al., 2016), and the 

Rhone River, France, etc. (Munoz et al., 2015). A large proportion of 
China’s total PFAS production comes from the eastern and southern 
coastal provinces and cities, including Zhejiang, Fujian, Guangdong, 
Jiangsu, Liaoning, and Shanghai (Cai et al., 2012; Chen et al., 2009). The 
Yellow Sea (YS) and East China Sea (ECS) coasts are two of the important 
coastal economic regions in eastern China. Our previous study has re-
ported the contamination status of PFAAs in offshore marine sediments 
from the Bohai Sea (BS), YS, and ECS, indicating that ocean current 
might be the main source of PFAS in sediments (Gao et al., 2014). The 
main purpose of this study is to fill the data gaps in the emerging PFAS in 
the ECS and the YS by collecting coastal sediment samples. The aims 
were to (1) comprehensively investigate the levels and distributions of 
legacy and their related alternatives in sediments of the ECS and YS; (2) 
calculate the concentration ratios of emerging PFAS to PFOS or PFOA to 
uncover the changes in the use of legacy and emerging perfluorinated 
chemicals by China’s eastern coastal perfluorinated manufacturers; (3) 
explore possible sources and their contributions to PFAS with the 
positive-definite matrix factor (PMF) analysis model; and (4) perform a 
preliminary risk assessment to access the risks of PFAS to the ocean 
ecosystem. 

2. Materials and methods 

2.1. Survey sites and sample collection 

The sampling occurred on board the “Xiang Yang Hong 18 Ship”, 
from the First Institute of Oceanography of the Ministry of Natural Re-
sources, in August 2019. The survey stations were located along with 
ECS and YS coastal areas, in the YS cold water mass, and the hypoxic 
area of the Yangtze Estuary. A total of 68 surface sediments were 
sampled; the sampling map is shown in Fig. 1. Further details of the 
sampling sites, including the longitude and latitude are shown in 
Table S7. The sediments were sampled by a sediment capture device, 
then stored separately in a polypropylene bag. After being shipped back 

Fig. 1. Map of sampling stations and PFAS composition in sediments of the East China Sea (E) and the Yellow Sea (Y).  
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to the chemical analysis laboratory, all the sediments were freeze-dried 
in a vacuum at − 80 ◦C for three days, then ground into small particles 
(<250 μm), after removing pebbles. The samples were stored at − 20 ◦C 
until extraction. 

2.2. Sample pretreatment and analysis 

2.2.1. Extraction and purification of samples 
Information on the standard chemicals and reagents is in the Sup-

plementary Materials. The extraction and purification procedures were 
based on Wang et al. (2019a), with slight modifications. In brief, 1 g 
sediment was weighed into a 15 mL polypropylene (PP) tube, then 1 ng 
mixed mass-labelled surrogate standards were added. Methanol 
extraction solvent (4 mL) was added, vortexed for 1 min and ultrasonic 
extraction for 30 min, followed by centrifugation for 10 min at 4500 rpm 
at 20 ◦C. The supernatant was transferred to a new 15 mL PP tube, then 
the extraction steps were repeated three times, and all the supernatants 
were collected and combined. 

The cleanup was performed using solid-phase extraction (SPE). Final 
extracts (approximately 12 mL) were condensed to 2 mL under high- 
purity nitrogen and maintained at 40 ◦C. Supelco® ENVI-Carb car-
tridges were preconditioned with 3 mL methanol and the extracts were 
loaded into the pretreated cartridges and collected. The sample tubes 
were further rinsed with 3 mL methanol. The final extracts (approxi-
mately 5 mL) were concentrated to complete dryness. The eluent was 
redissolved with 200 μL methanol, centrifuged, and transferred to a new 
1.5 mL tube. The obtained solutions were frozen overnight at − 20 ◦C, 
centrifuged at 4 ◦C for 15 min at 10,000 rpm, and the supernatant was 
absorbed into injection vials for analysis. 

2.2.2. Determination of target PFAS and TOC 
The analysis and quantification of target PFAS were conducted by a 

Shimadzu LCMS-8060 triple quadrupole mass spectrometer system. The 
separation of individual analytes was achieved by a Waters ACQUITY 
UPLC® BEH C18 Column (2.1 × 100 mm, 1.7 μm) plus a Waters ACQ-
UITY UPLC® Protein BEH C18 VanGuard™ (2.1 × 5 mm, 1.7 μm), and 
the column temperature was maintained at 40 ◦C. The flowing phase A 
was a 10 mM solution of ammonium acetate and the B phase was pure 
acetonitrile. The proportion change of the mobile phase is shown in 
Table S2. The ion source of mass spectrometry was in negative mode 
(ESI− ). Other mass spectrometry parameters are shown in Tables S3 and 
S4. 

The total organic content (TOC) of sediments was measured with a 
TOC-L CPH instrument (Shimadzu). Before testing, sample boats were 
soaked in 2 M hydrochloric acid for 1 h to remove inorganic carbon. 
After washing with pure water, they were baked in a muffle furnace at 
900 ◦C for 1 h to remove organic carbon. Approximately 50 mg uni-
formly sieved particles were placed in the sample boat for analysis. 

2.3. Quality assurance and quality control 

All materials used in the experiment were rinsed with methanol 
before use. To ensure the reliability and accuracy of the experiment, two 
empty 15 mL centrifuge tubes were added to every 10 samples as pro-
gram blanks during sample pretreatment, using the same extraction 
procedure to trace possible extraction contamination. During the in-
strument detection process, a solvent blank (pure methanol) and a 
standard with a known and accurate concentration were added for every 
10 samples, to check the potential contamination of the instrument 
during the analysis process and ensure that the instrument was in a 
stable state throughout the analysis. To ensure accuracy and precision, 
the standard curve of the target compound of 0.05–50 ng/mL was 
configured, and the regression coefficient (r2) were all > 0.99. For PFAS 
in the samples, the method detection limit (MDL) was based on the 
concentration of the low contaminated sample when the signal was 
three times the baseline noise. The MDLs and method quantification 

limit (MQLs) for all target PFAS are presented in Table S5. The corre-
sponding matrix-spiked recoveries of PFAS were 84.5–127.1% for 
PFAAs, 105.9–158.3% for precursors, and 108.0–120.5% for alterna-
tives. Detailed recoveries and standard deviation of PFAS are given in 
Table S6. The concentration of the target monomer in all program blanks 
and solvent blank samples was lower than the MDL. The data analysis 
and concentration calculation were conducted by LabSolutions 
software. 

2.4. Statistical analysis 

All concentration values were calculated in terms of dry weight (dw). 
For data processing, concentrations ≤ MDL were replaced with 1/2 
MDL, and raw concentrations for > MDL and < MQL were used for 
statistical data analysis. Before the correlation analysis, a normality test 
was performed. Spearman rank-order correlation was employed to 
identify the possible correlations of varied PFAS, and a Mann-Whitney U 
test was executed to determine the significant differences between PFAS. 
All data were analyzed in SPSS v26.0 (IBM, USA) with the significance 
level set as P < 0.05. Origin Pro 2020b (Origin Lab Corporation, 
Northampton, MA, USA) was employed for data visualization. The space 
distribution of PFAS was drawn with the ArcMap component in ArcGIS 
v10.7 (ESRI, Redland, CA). 

2.5. Positive-definite matrix factor analysis model (PMF) 

Positive-definite matrix factorization (PMF) is a multivariate recep-
tor modelling tool that decomposes a specified sample data matrix into 
factor contributions and factor profiles to determine the factors or 
sources that affect the specified sample data (Brown et al., 2015). The 
estimated uncertainties for each data value play a crucial role in PMF 
analysis, and the calculation of uncertainty can effectively reduce the 
weight of missing data and data below the detection limit (Jiang et al., 
2021). Uncertainty (Unc) was estimated based on the MDL of the indi-
vidual PFAS and the error value of individual PFAS (Qi et al., 2017). 

If the concentration ≤ provided MDL, the Unc was calculated with 
the fixed part of the MDL:  

Unc = 5/6 × MDL                                                                                 

If the concentration > MDL, the calculation was made according to 
the measured concentration and MDL: 

Unc  =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

（Error × Concentration）2
+ MDL2

√

Referring to a previous study, the error value was set to 20% (Shi 
et al., 2021). 

In this study, the EPA’s PMF receptor model was applied to trace the 
potential emission sources of PFAS. In the model, two 19 × 68 sample 
matrix and uncertainty matrix datasets (19 target chemicals and 68 
sample sites) were imported into EPA PMF 5.0 software to calculate the 
factor compositions of PFAS. Q is an objective function of the PMF 
model, and Q (True) is a goodness-of-fit parameter that includes all data 
points. Q (Robust) is a goodness-of-fit parameter used to calculate data 
points excluding mismatched models. In this model, Q (Robust) = 569.6, 
and Q (True) = 572.9. 

3. Results and discussion 

3.1. Occurrence and composition of legacy and emerging PFAS in surface 
sediments 

Among the 31 target PFAS, 12 target compounds had a detection 
frequency (DF) < 10%, and the concentration of these monomers was 
close to the MDL. Therefore, 19 compounds with a DF > 10% were 
analyzed and are discussed below. All the concentration values used for 
statistical analysis had DF > 40%, except PFBS (DF: 10%), sodium 
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1H,1H,2H,2H-perfluorohexane sulfonate (4:2) (4:2 FTS: 16%), and 
perfluoroheptane sulfonate (PFHpS: 29%). The levels and DF of the 19 
PFAS in the ECS and YS are summarized in Table 1, including 10 PFCAs 
(C4, C6–C14), four PFSAs containing PFBS, PFHxS, PFHpS, PFOS, five 
emerging PFAS containing 4:2 FTS, 6:2 Cl-PFESA, HFPO-DA, FBSA, and 
FOSA. In all 68 sediment samples, the total concentration (

∑
19PFAS) 

ranged from 0.209 ng/g to 4.74 ng/g (mean 1.60 ng/g). PFOA was the 
main compound (mean 0.792 ng/g), which is relatively high compared 
to the level of PFOA in global sediments (Table S11). Perfluorononanoic 
acid (PFNA) and PFOS were the next most abundant, with average 
concentrations of 0.200 ng/g and 0.139 ng/g, respectively. 

Table 1 shows that the concentration of long-chain PFAS in sediment 
was approximately 24 times higher than short-chain PFAS. Of these, 
PFOA was the highest contributor to 

∑
PFAS in sediments, with an 

average contribution rate of 50%. PFNA and PFOS contributed 13% and 
9% to the total PFAS concentration, respectively (Fig. S1). These 
composition characteristics were in line with the results of previous 
studies, and studies demonstrated that PFOA and PFOS provided the 
greatest contribution to target 

∑
PFAS in sediments from the Shima and 

Danshui Rivers, as well as the Beibu Gulf in South China (Pan et al., 
2014, 2020). 

Of the 10 PFCAs, eight compounds (C4, C6, C8–C13) showed high DF 
(≥85%), while the DF of perfluoroheptanoic acid (PFHpA) and per-
fluorotetradecanoic acid (PFTeDA) were 75% and 69%, respectively. 
The main contributor was PFOA (mean: 0.792 ng/g, range: 0.045 ng/ 
g–2.79 ng/g), followed by PFNA (mean: 0.200 ng/g, range: 0.008 ng/ 
g–0.975 ng/g). 

As shown in Table 1 and Fig. S1, PFOS was detected in 98% sediment 
samples from the ECS and YS, at a lower concentration than sediments 
from the world’s basins (Table S11). PFHxS had a DF of 74%, while the 
DF of PFBS and PFHpS was <30%. No perfluoropentane sulfonate 
(PFPeS), perfluorononane sulfonate (PFNS), perfluorodecane sulfonate 
(PFDS) or perfluorododecane sulfonate (PFDoS) were detected in any of 
the sediment samples. 

Except for PFBS (10%), the DF of short-chain PFAS containing PFBA, 
perfluorohexanoic acid (PFHxA) and PFHpA, were all > 70%. Compared 
with other river basins in China, the total concentration of C4–C7 PFAS 
was at a moderate level (Table S11). Short-chain PFAS have a high 
detection frequency (89%–100%) in the residential soil of China (Li 
et al., 2020b) and PFBS concentration were all much higher than those 
of PFOS in the surface waters of YS (Feng et al., 2020), indicating that 
alternative short-chain PFAS may be potential and prevalent 

contaminants. 
Sodium dodecafluoro-3H-4,8-dioxanonanoate (NaDONA), 8:2 Cl- 

PFESA and n:2 FTSs (n = 6, 8, 10) were not detected in any samples 
in this study, but HFPO-DA and FOSA were detected in 100% of the 
sediments, this may be attributed to that FOSA exhibits stronger 
adsorption in sediments than PFOS (Higgins and Luthy, 2006) and 
aquatic sediments may be a vital long-term sink for HFPO-DA and other 
short-chain alternative PFAS (Harfmann et al., 2021). To our knowl-
edge, FBSA and HFPO-DA first appeared in ocean sediments in this 
survey with DF of 44% and 100%, respectively. FBSA is a metabolite of a 
new fluorinated surfactant substitute, it was first identified in biota by 
Chu et al., indicating that FBSA is a bioaccumulative contaminant, and it 
may originate from alternative perfluorobutane-based products and 
other shorter chain perfluoroalkyl-based products (Chu et al., 2016). 
FOSA had a concentration range of < LOD–0.012 ng/g in this study, 
which is slightly higher than the contamination of sediment cores from 
High and Low Arctic lakes (<LOD–0.003 ng/g) (MacInnis et al., 2019). 
Recent Studies reported that FOSA is a typical intermediate, and it can 
enter the environment directly through the application of FOSA-based 
products, or indirectly through the degradation products of other 
PFSA precursors (Zhang et al., 2021). The alternative 4:2 FTS was 
detected with a mean concentration of 0.011 ng/g (DF: 16%): this 
concentration was similar to that found in Haihe river (mean: 0.009 
ng/g) (Li et al., 2020c), while toxicological data on 4:2 FTS have not 
been reported. 

Despite only trace amounts of 6:2 Cl-PFESA (mean: 0.008 ng/g) 
found in 49% of sediments, its fate in the marine ecosystem is critical: 
6:2 Cl-PFESA has replaced PFOS as chromium-plated goods, with an 
average annual output of 20–30 tons in China (Wang et al., 2013). 
Among the emerging PFAS monomers, HFPO-DA, an alternative of 
PFOA, had the highest average concentration (0.119 ng/g, range: 
0.018–0.450 ng/g), contributing 83% to the emerging PFAS. HFPO-DA 
has been selected as the alternative to replace PFOA as a processing 
aid for the production of fluorinated polymers, with an annual output of 
10–100 tons in Europe (Heydebreck et al., 2015). Previous studies on 
HFPO-DA and 6:2 Cl-PFESA in the aquatic environment have mostly 
focused on water samples: varying concentrations of HFPO-DA and 6:2 
Cl-PFESA (0.95 ng/L and 0.31 ng/L) have been detected in surface water 
from a number of countries and regions (Pan et al., 2018). However, 
there are few reports on their concentration levels in sediment samples. 
Chen et al. showed that Cl-PFESA (especially 6:2 Cl-PFESA) have a high 
incidence in human samples in China (Chen et al., 2017). In fact, 6:2 

Table 1 
Concentration, detection frequencies and contributions of PFAS (ng/g) in sediments from the East China Sea (ECS) and the Yellow Sea (YS).   

Compound Mean SD Min Median Max DF (%) 

Short-chain PFAAs PFBA 0.018 0.011 0.004 0.015 0.045 87 
PFHxA 0.016 0.014 0.002 0.012 0.062 87 
PFHpA 0.015 0.021 0.001 0.006 0.090 75 
PFBS 0.008 0.006 0.006 0.006 0.034 10 

Long-chain PFAAs PFOA 0.792 0.649 0.045 0.609 2.79 100 
PFNA 0.200 0.214 0.008 0.104 0.975 100 
PFDA 0.064 0.048 0.010 0.045 0.206 100 
PFUdA 0.105 0.076 0.008 0.079 0.313 100 
PFDoA 0.012 0.009 0.002 0.009 0.041 96 
PFTrDA 0.052 0.039 0.003 0.039 0.202 100 
PFTeDA 0.009 0.005 0.004 0.009 0.022 69 
PFHxS 0.014 0.015 0.002 0.011 0.095 74 
PFHpS 0.007 0.009 0.004 0.004 0.068 30 
PFOS 0.139 0.139 0.002 0.079 0.558 99 

Emerging PFAS 4:2 FTS 0.011 0.020 0.004 0.004 0.103 16 
6:2 Cl-PFESA 0.008 0.009 0.002 0.002 0.043 49 
FBSA 0.002 0.002 0.001 0.001 0.010 44 
FOSA 0.005 0.002 0.002 0.005 0.012 100 
HFPO-DA 0.119 0.093 0.018 0.078 0.450 100 

Total PFAS Short-chain PFAAs 0.057 0.043 0.013 0.044 0.203 100 
Long-chain PFAAs 1.39 1.07 0.096 1.20 4.43 100 
Emerging PFAS 0.144 0.092 0.031 0.105 0.474 100 
∑

19PFAS 1.60 1.12 0.209 1.40 4.74 100  

H. Zhong et al.                                                                                                                                                                                                                                  



Chemosphere 282 (2021) 131042

5

Cl-PFESA may have a higher risk of bioaccumulation than PFOS (Liu 
et al., 2018), and could be amplified in aquatic food webs (Liu et al., 
2017b). 

3.2. Spatial distribution of PFAS in the sediments of the Yellow Sea and 
the East China Sea 

Fig. 2 shows the spatial distribution of 
∑

19PFAS, the ratio of PFOS/ 
PFOA, and emerging/legacy PFAS in sediments along the eastern coast. 
The contamination of 

∑
19PFAS in the YS sediments (0.209–4.74 ng/g) 

Fig. 2. Spatial distribution of (A) total PFAS (ng/g); (B) emerging PFAS/legacy PFAS ratio; (C) PFOS/PFOA ratio; and (D) TOC (%) in surface sediments of the East 
China Sea and the Yellow Sea. 
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was greater than in the ECS (0.463–2.56 ng/g). 
The sampling sites with the highest 

∑
19PFAS concentration were 

Y14, Y9, Y10, Y15, and Y19 located in the YS, and E15, E9, E14, and E5 
near the Yangtze River Estuary in the ECS. The concentrations ranged 
from 3.71 ng/g to 4.74 ng/g, and 1.96 ng/g to 2.56 ng/g, respectively. 
Liu et al. estimated that 70%–80% of PFOS and PFOA in central and 
eastern China come from wastewater discharge, directly from chemical 
plants (Liu et al., 2017a). There are also many well-known large-scale 
fluoride industrial parks scattered around the Yangtze River basin, 
including the Changshu Fluorochemical Industrial Park in Suzhou, 
Juhua in Zhejiang, DuPont in Jiangsu, and Shanghai 3F. Industrial 
wastewater is the main source of PFAS flowing into the Yangtze River, 
which may then be discharged into the YS through the Yangtze River 
estuary, causing a high concentration of PFAS pollution. 

Another highly polluted area is northeast of Shandong, at sites Y44, 
Y45, and Y42, which had maximum concentrations of 4.67 ng/g, 3.31 
ng/g, and 3.06 ng/g, respectively. These sites are located along the coast 
of Weihai, Yantai, and Qingdao, where there are many chemical fac-
tories, and the discharged sewage poses a significant risk of PFAS 
pollution to the YS. 

So far, research on emerging PFAS have mostly focused on rivers and 
lakes (Munoz et al., 2019), yet the ocean has a significant impact on the 
global transport of PFAS through ocean currents, ocean spray aerosols, 
and movement through the food chain (Li et al., 2018). It is important to 
discuss the emission and distribution of emerging PFAS in marginal seas: 
high levels of various newly emerged PFAS have been found in sedi-
ments along the southern coast of Jiangsu and the northern ECS area 
near Shanghai and Fujian. These include HFPO-DA and 6:2 Cl-PFESA, 
which are used as substitutes for legacy PFOA and PFOS, indicating 
that the types of PFAS produced and used in these provinces is moving 
from obsolete PFAS to their replacements. The 100% detection fre-
quency of HFPO-DA (mean 0.119 ng/g) in the sediments of the marginal 
seas indicates that the level of HFPO-DA in the coastal oceans of China is 
increasing. These findings suggested that newly emerged PFAS are 
widely present in the environment. Therefore, the ecological risk of 
highly pathogenic organic pollutants in coastal environments deserves 
further attention. 

Fig. 2(B) maps the ratio between the emerging and legacy PFAS: the 
highest ratios were in Y23 (0.74) and E20 (0.56). The Yangtze River 
Estuary has a more obvious replacement trend. In Jiangsu and other 
eastern coastal cities, where China’s largest fluorine manufacturers are 
located, the industry is adjusting, switching from legacy PFAS to 
emerging ones. The ratio of emerging PFAS to PFOA or PFOS were 
calculated to show the tendency of substitution of legacy PFAS, and the 
shift of fluoride production in eastern coastal cities. As shown in 
Table S12, for PFOA replacement, the ratio of HFPO-DA to PFOA was the 
highest at 0.36 (ECS) and 0.28(YS). This indicates that HFPO-DA is 
widely used as a substitute for PFOA in China. The ratio of C4–C7 PFCAs 
to PFOA (mean: 0.01–0.05) was lower than that of the Pearl River, 
Yangtze River, Yellow River and other basins in China (Pan et al., 2018). 
This could be because short-chain PFAS tend to dissolve in water, while 
long-chain PFAS tend to accumulate in sediments (Gao et al., 2014). The 
PFHxA/PFOA ratio (0.36) in YS water from the Jiangsu coast is higher 
than that of other fluorinated alternatives (Feng et al., 2020). Moreover, 
high ratios of HFPO-DA/PFOA were also detected in the sediments 
collected in the South YS in this study, inferring that Jiangsu Province 
has already applied PFHxA and HFPO-DA as PFOA substitutes. The ratio 
of PFHxS to PFOS (ECS: 0.21, YS: 0.18) was higher than the remaining 
PFSAs alternatives, and the ratio of 6:2 Cl-PFESA (0.08) corresponded to 
the ratio calculated in the South YS (0.12) in 2018 (Feng et al., 2020). 
Previous reports have shown that a large number of textile factories in 
Jiangsu Province have a great demand for PFOS (Xie et al., 2013): 6:2 
Cl-PFESA and PFHxS are replacing PFOS in textile surface treatment, 
becoming the main PFOS substitutes in this region. FOSA/PFOS con-
centrations were slightly higher than 6:2 Cl-PFESA/PFOS, demon-
strating that Zhejiang and Jiangsu Provinces have begun to use FOSA to 

replace PFOS. These results also show that the use of HFPO-DA and 
PFHxS in cities along the ECS was slightly greater than in the YS. In 
summary, eastern coastal cities are using various PFAS substitutes as 
alternatives to legacy PFAS, in varying degrees. 

It can be seen from Fig. 2(D) that TOC has a high level in the YS cold 
water mass, where the 

∑
PFAS concentration has a low level. No linear 

relationships were found between TOC and each monomer (Table S9), 
which was dissimilar to previous findings (Gao et al., 2014; Lee et al., 
2018), but agreed with the findings on the coast of South Korea (Lee 
et al., 2020). This may be because most PFAS are primarily transported 
through the atmosphere and the PFAS has not reached equilibrium in the 
sediment in this study, since most of the organic matters in offshore 
waters are derived from phytoplankton rather than from terrestrial 
sources. In addition, published studies have shown that when there are 
no correlations between TOC and PFAS, electrostatic attraction may 
play an important role in the adsorption of PFOA and PFOS (Becker 
et al., 2008). 

3.3. Comparison of temporal and spatial trends of PFAS concentrations in 
sediments 

Previously, our research group tested the contamination of PFAS in 
sediments collected from the YS and ECS between 2011 and 2012 (Gao 
et al., 2014). To identify the trend in pollution levels and types of legacy 
PFAS in the region, after fluoride manufacturers fulfilled the Stockholm 
Convention, the concentration of samples collected in 2019 (this study) 
was compared with the previously reported data, including three PFSAs 
(PFBS, PFHxS, and PFOS) and six PFCAs (C7–C12) (Fig. 3 and 
Table S10). The data clearly show that, in 2019, the level of PFAS in 
sediments from the YS (1.42 ng/g) is greater than that in the ECS (1.19 
ng/g). This may be attributed to the use and control of PFAS in coastal 
cities. Both levels of sediments in YS and ECS and the level of 

∑
9PFAS in 

2019 were significantly greater than that in 2011–2012 (p < 0.001). The 
PFOS and C9–C11 PFCAs concentrations of ECS were not significantly 
different between the two studies. The average concentrations of ECS 
and YS sediments were 1.19 ng/g and 1.42 ng/g in 2019, and 0.520 ng/g 
and 0.490 ng/g in 2011–2012, respectively. For ECS and YS, the con-
centration of PFOA in 2019 was 2.3 times and 2.9 times higher than in 
2011–2012, respectively. After 7–8 years, PFOA was still the main 
component in sediment samples, and the enrichment in sediments 
increased significantly. This could be because no suitable substitute has 
been found, therefore, PFOA is still widely produced and used. However, 
as the locations, amounts and methods of sampling in this survey were 
not completely consistent with those of Gao et al. (2014): there were 
fewer sampling points in the ECS than in the YS in this study, and most of 
the sampling points were located the turbidity maximum zone and 
hypoxia zone of the Yangtze River Estuary in the ECS, the significantly 
high PFOA concentrations require further study. 

Recent data on legacy and emerging PFAS pollution in global sedi-
ments are summarized in Fig. 4 and Table S11. The results of this study 
filled in the data gap of emerging PFAS in invested area marine sedi-
ments. Fig. 4 indicates that the 

∑
PFAS concentration in ECS and YS 

sediments is at a moderate level. The concentration of PFOA in ECS and 
YS sediments is higher than in other regions, indicating that the eastern 
coastal cities of China are one of the highest sources of PFOA emissions. 
HFPO-DA has the highest concentration in ECS, followed by YS in this 
study, indicating that the eastern coastal cities of China have put HFPO- 
DA into production and use as an emerging fluoropolymer processing 
agent instead of typical PFOA. The concentration of FOSA was lower 
than Xiamen Bay, Taihu Lake, Beibu Gulf in China (Chen et al., 2018; 
Pan et al., 2020; Wang et al., 2020). Compared with other river basins in 
China, such as HR 1, Bohai Sea (BS 3) and the South China Sea (SCS), the 
mean concentration of 6:2 Cl-PFESA ranked as HR 1 > BS 3 > ECS and 
YS > SCS. Short-chain analogues have the highest concentration in the 
Jiulong Estuary-Xiamen Bay, followed by the Yellow River, while the 
short-chain PFAS detected in the Great Lakes, was two to five times 
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higher than in the Jiulong Estuary-Xiamen Bay (Wang et al., 2020). 
These results indicated that the United States may have used short-chain 
PFSAs to replace PFOS a long time ago in the textile industry and 
semiconductor factories, and so on. Overall, PFAS pollution was prev-
alent worldwide. According to the reported results, the legacy PFAS 
concentrations in China were at the global low-to-medium level, while 
the emerging PFAS concentrations in China were higher than those in 

other countries and regions. The results show the changes in the pro-
duction and use patterns of PFAS in developed cities along the eastern 
coast of China are shifting from regulated PFAS to their corresponding 
substitutes, and these alternatives strongly affect the concentration of 
PFAS in the nearby aquatic environment. Therefore, further research 
should be conducted to investigate the occurrence and fate of these al-
ternatives, as well as the possible threats these pollutants pose to the 

Fig. 3. Comparison of PFAS concentration in (a) the Yellow Sea and (b) the East China Sea in 2011–2012 and 2019 (P < 0.05*; P < 0.01**; P < 0.001***, Mann- 
Whitney U test). 

Fig. 4. Worldwide distribution of emerging (A) and legacy (B) PFAS in sediments (ng/g).  
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aquatic system. 

3.4. Source analysis of PFAS by PMF model 

The ratio of PFOS/PFOA has been used to determine the source of 
PFAS in some studies: the closer to the source, the higher the PFOS/ 
PFOA ratio (Gao et al., 2014; Simcik and Dorweiler, 2005; So et al., 
2004). The spatial distribution of the PFOS/PFOA ratio is presented in 
Fig. 2(C). The higher PFOS/PFOA ratio in the eastern YS and near the 
Yangtze River estuary showed a downward trend from the coastal 
muddy area to the open seas, which might be because PFOA tends to 
migrate with ocean currents, while PFOS is more likely to settle in 
sediments (Higgins and Luthy, 2006). In all the samples collected in the 
YS and the ECS, the ratio of PFOS/PFOA was <1, indicating that all 
sampling sites are not close to PFAS sources (Pan et al., 2020). 

In this study, six factors were selected for the receptor PMF model to 
further evaluate the source profiles and their contributions to PFAS, the 
results are displayed in Fig. 5. Factor 1 has a high percentage of PFOS 
and 6:2 Cl-PFESA. China’s total PFOS equivalent emissions were esti-
mated at 70 tons in 2010, and the industrial use of PFOS in metal plating 
plants was identified as the largest source of PFOS pollution, followed by 
the textile processing industry in most provinces in eastern China (Xie 
et al., 2013). Besides, the high load of PFOS may also originate from the 
degradation of volatile precursor substances in the atmosphere (Armit-
age et al., 2009). As a PFOS alternative, 6:2 Cl-PFESA are widely used as 
a mist suppressant by the chrome plating industry in China (Wang et al., 
2013). Therefore, metal plating plants and textile treatments were 

identified as the sources of factor 1. Factor 2 and factor 4 has a high 
percentage of PFOA and HFPO-DA, respectively. PFOA-related chem-
icals are mainly used as fluoropolymer processing aids (Shi et al., 2021), 
and HFPO-DA is known as the substitute of legacy PFOA for similar 
purposes (Brandsma et al., 2019). Therefore, factor 2 and factor 4 were 
considered to represent the fluoropolymer products source. Factor 3 was 
loaded with long-chain PFCAs, including perfluorodecanoic acid 
(PFDA), perfluoroundecanoic acid (PFUdA), perfluorododecanoic acid 
(PFDoA), perfluorotridecanoic acid (PFTrDA) and PFTeDA, identified as 
firefighting foam and textile treatment sources (Buck et al., 2011; 
Mumtaz et al., 2019). In addition, since PFNA, PFDA and PFUnA are not 
commercially produced in large quantities, atmospheric oxidation of 
volatile precursor substances is a major source of these chemicals in the 
environment (Cao et al., 2019; Young et al., 2007). The factor 5 was 
highly related to PFHxS and PFHpS, which have been widely used in 
various industrial and consumer applications, such as fire-fighting foam, 
fabrics, and cookware (Lee et al., 2014). High load with short-chain 
compounds in factor 6 was considered to be related to microwave 
popcorn bags and fast-food contact materials (Zafeiraki et al., 2014). In 
addition, the biological or abiotic degradation of some precursor sub-
stances may also be one of the indirect emission sources of factor 6. For 
example, legacy PFCAs such as PFNA, PFOA and other short-chain 
PFCAs may be derived from the biodegradation of 
fluorotelomerization-based precursors including fluorotelomer alcohols 
and fluorotelomer sulfonates (Zhang et al., 2021). Moreover, PFBS and 
4:2 FTS in factor 3, PFHpS in factor 5, and FBSA in factor 6 were not the 
main contaminants, as their low concentrations and the DF were less 

Fig. 5. PMF receptor model predicted the source composition of PFAS in surface sediments of the East China Sea and the Yellow Sea.  

H. Zhong et al.                                                                                                                                                                                                                                  



Chemosphere 282 (2021) 131042

9

than 50%, few studies have reported their occurrence in the aquatic 
system. Overall, the PMF model indicated factor 1 (29.0%) made the 
highest contributions to PFAS in surface sediments of the ECS and YS, 
followed by factor 6 (22.7%) and factor 2 (21.0%). 

3.5. Preliminary environmental risk assessment of PFOS and PFOA 

In this study, a preliminary environmental risk assessment of PFOS 
and PFOA based on the risk quotient (RQ) was performed in the sedi-
ments from ECS and YS. The RQ was defined as the ratio of the measured 
environmental concentration (MEC) obtained in this study to the pre-
dicted no-effect concentration (PNEC). Since toxicological data on PFAS 
in the marine environment are very scarce and PNECs values vary 
widely in the various matrix, the PNEC value of sediment was derived 
using the equilibrium partitioning method. Sediment PNECs selected in 
this study were derived from the seawater PNECs and Kd values calcu-
lated by Zhao et al. in sediments from Laizhou Bay (Zhao et al., 2013). 
For marine sediment, PNEC for PFOS and PFOA was 0.49 ng/g and 8.6 
ng/g, respectively (Zhao et al., 2013). Risk assessment was divided into 
four levels: unlikely to pose risk (RQ < 0.01), low risk (0.01< RQ < 0.1), 
medium risk (0.1< RQ < 1) and high risk (RQ > 1) (Wang et al., 2019a). 

The risk assessment showed the RQs for PFOS at 71% of sampling 
sites were higher than 0.1 but less than 1 (medium risk), and 22% were 
higher than 0.01 but less than 0.1 (low risk). Notably, sampling sites 
located in Y9, Y10, Y14, and Y44 were light higher than 1, indicating 
PFOS in these sites were likely to pose a high risk to aquatic organisms. 
The RQs for PFOA at 41% of sampling sites were posed a medium risk, 
and 54% were posed a low risk to aquatic organisms. The RQ values in 
most sediment samples from the ECS and YS were lower than 1, which 
indicates that the current levels of PFOS and PFOA may pose no sig-
nificant threat to benthic organisms in the study area. It is noted that 
these two compounds were widely and frequently detected in high 
concentrations along the eastern coast, moreover, various alternatives 
such as HFPO-DA and Cl-PFESAs were widely detected in the environ-
ment due to the regulations on the usage and production of legacy C8- 
PFAS. Therefore, ecological risks and negative effects of legacy PFAS 
and their substitutes should be further investigated. 

4. Conclusions 

With the global control of PFOA and PFOS, emerging PFAS have 
begun to attract global attention. However, there have been relatively 
few studies on the pollution condition from newly emerged PFAS in 
ocean sediments. Based on a wide-ranging investigation of 31 PFAS in 
the sediments of the YS and the ECS, the present study reveals the 
extensive distribution of legacy and emerging PFAS in sediments. PFOA, 
PFNA, and PFOS were the dominant contaminants in sediments. The 
increase in PFOA in 2019, compared to 2011–2012 levels, reveals that 
the strict national controls have not been implemented in China. Some 
short-chain, precursors and emerging PFAS also have different levels of 
detection rates and concentrations. The relatively high concentration, 
and 100% detection rate, of the ether-based replacement compound 
HFPO-DA in sediments, indicate that China’s industrial production 
model has gradually shifted from legacy PFAS to emerging ones. The 
highest concentration of PFAS pollution may be linked to heavy indus-
trial activities in coastal cities. PFAS, including short-chain analogues, 
precursors and emerging PFAS, with their POPs characteristics, require 
greater attention and more in-depth research to determine their toxicity 
and risks in the aquatic environment. Results from the receptor model 
PMF indicated that metal plating plants, textile treatments, fluoropol-
ymer products, food packaging, and the degradation of volatile pre-
cursor substances from various environmental systems were the main 
sources of PFAS in the ECS and YS. In addition, preliminary environ-
mental risk assessment indicates that more research should be con-
ducted on the ecological risks and negative effects of C8-PFAS and their 
alternatives, because PFOA and PFOS in the ECS and YS may present a 

low to medium risk at most sampling points. 
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