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Per- and polyfluoroalkyl substances (PFAS) contamination has drawn
considerable attention in the rivers of Shandong, China. However, their
seasonal variations have not been well addressed due to the geographic
scale. Here, surface waters were collected seasonally at estuaries of
13 major rivers in Shandong to investigate the spatiotemporal variations,
mass discharges and ecological risks of PFAS. Two novel perfluoroalkyl ether
carboxylic acids, hexafluoropropylene oxide-dimer acid (HFPO-DA) and
hexafluoropropylene oxide-trimer acid (HFPO-TA), and 10 legacy PFAS were
all detectable and their total concentrations (Y PFAS) ranged largely from 23 to
25,400 ng/L. Elevated levels of all target compounds were found in the Xiaoging
River but Majia and Jiaolai Rivers were also of concern. Perfluorooctanoic acid
(PFOA) was dominant in all the rivers. Its concentration in the Xiaoging River
estuary increased 6-fold from 2011 to 2014 and reached a plateau during
2014-2020. The nonsignificant seasonality of the PFAS concentrations in rivers
with seasonal flows may indicate their different emission patterns (i.e., higher
emission in the wet season and lower emission in the dry season). The ratio of
maximum to minimum concentration (Cmayx/Cmin) Was proposed to
characterize the influence of local point sources, with Cpax/Cmin ranging
from 10 to 14,000. Xiaoging and Yellow Rivers discharged ~98% of Y PFAS
flux to the sea, which was estimated to be 28.0t in 2020. This study raises
attention to the industrial emission patterns of PFAS. Further investigations with
higher time resolution were needed to understand the emission patterns of
PFAS in Shandong.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a broad
range of synthetic fluorinated chemicals that have been used
2019).
characteristics of water and oil repellency, high surface

for over 60years (Lim, They are of unique
activity, and thermal stability and therefore have been
widely used in industrial and commercial applications, such
as surface repellent coatings (e.g., food contact paper, textiles,
(e.g.,

firefighting foams, mist suppressant and cleaning products),

leather, cookware and upholstery), surfactants
photographic devices and pesticides (Posner, 2012; Liu et al,,
2021b).

However, the same properties that make PFAS useful also
make them problematic contaminants when released into the
environment (Lim, 2019). The global contamination of PFAS has
attracted great attention from scientists and regulators
(Kwiatkowski et al., 2020). Epidemiological and toxicological
studies have linked PFAS exposure to health issues, including
cardiometabolic diseases, endocrine disruption, and kidney
function damage (Bach et al, 2015; Sunderland et al., 2019).
The two most extensively studied PFAS—perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS)—and their
salts have already been recognized as novel persistent organic
pollutants (POPs) under Stockholm Convention (Shi et al,
2021).

While traditional POPs can be readily removed from water
by sorption processes in the environment or during water
treatment, the removal of most PFAS in aquatic environments
is very slow because of their high water solubility, low
partitioning to organic matter, and extraordinary
persistence (Reemtsma et al., 2016). The persistence of
PFAS in surface waters is responsible for the exposure of
fish, fish-eating birds,

bioaccumulation and biomagnification (Houde et al., 2006;

and mammals via food-chain
Houde et al., 2011). Ultimately, humans are exposed to PFAS
through the food web and drinking water (Wang et al., 2020).
Thus, PFAS are believed to be of more concern than
traditional POPs.

In the context of China’s remarkable progress in industrial
development over the past decades, there has been a rapid
increase in the production and consumption of PFAS-related
products in China since the late 1990s (Wang et al., 2014b).
For example, polytetrafluoroethylene (PTFE), the dominant
fluoropolymer, accounted for the majority (>50%) of the
world fluoropolymer consumption in 2018 (Chemical
Economics Handbook, 2019) and its production has been
increasing rapidly in China, from 6.6 kt/yr in 1999 to 64 kt/
yr in 2012 (Wang et al.,, 2014b). China has now become the
world’s largest producer and consumer of PTFE (Chemical
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Economics Handbook, 2019). Shandong, sitting on the lower
reaches of the Yellow River and bordering the Bohai Sea to the
north and the Yellow Sea to the south, is one of the most
industrialized provinces in China, with the third-highest
regional GDP (7% of GDP) in 2020 (National Bureau of
Statistics of China, 2021). With resource-rich and labor-
abundant advantages, fluoropolymer industries have rapidly
developed in Shandong. Shandong contributed to the largest
proportion (>40%) of PTFE production capacity (~50 kt) in
China in 2018 (Liu et al, 202la; Fang et al, 2021).
Inadvertently, PFAS enter the environment as a result of
industrial production and wuse/disposal of products
containing precursors and residuals. Studies showed that
Shandong has become one of the hotspots of PFAS
contamination in China (Pan et al., 2018).

PFAS contamination in surface waters (i.e., rivers) is of
particular interest because of the persistence and mobility of
PFAS in the aquatic environment. Rivers are major sinks and
medium of transport for PFAS (Muir and Miaz, 2021).
that  80%-90% of PFOA/PFOS

contamination in the Chinese environment was estimated

Research ~ showed
to come from manufacturing and use facilities mostly via
industrial wastewater discharge (Liu et al., 2017). Shandong is
home to concentrated fluoropolymer facilities (Wang et al.,
2014a). The Bohai and Yellow Seas became the most PFAS
contaminated coastal waters globally, with the highest median
concentrations of XC7-C12 perfluorocarboxylates (PFCAs)
and perfluoroalkylsulfonates (PFSAs) reported (Muir and
Miaz, 2021). This was linked to the coastal riverine inputs
(Wang et al., 2014a; Zhao et al., 2020). In 2018, Shi et al.
(2021) investigated 40 rivers along the coast of the Bohai and
Yellow Seas, among which 15 rivers of Shandong (average
2,5PFAS = 1,550 ng/L) were notably more contaminated by
PFAS than the (36.2-124 ng/L). The
concentration of PFOA in the Xiaoqing River was reported
1.71 mg/L in 2014, which was believed to be the highest ever
found in surface waters (Liu et al., 2016).

other rivers

While studies have reported the occurrence, distribution
and sources of selected PFAS in rivers of Shandong, the
seasonal variations of PFAS in the rivers have not been
well addressed due to the geographic scale. The river flows
are seasonally distinct and greatly impacted by rainfall in
Shandong, where ~70% of rainfall occurred in the wet season
from July to September. Furthermore, because of climate
change or artificial regulation, the river flows changed
greatly. Therefore, it is critical to understand the seasonal
variations of PFAS in the rivers of Shandong.

The production and usage of C8 homologs have been
restricted in developed countries (Zhao et al, 2020) and
China was also encouraging to replace them with alternatives
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FIGURE 1

Illustration of the sampling sites on the coastal rivers of Shandong, China (only the outmost eastern section of the Yellow River is outlined) and

locations of fluoropolymer facilities (F1-F7) achieved from the literature.

(Ministry of Ecology and Environment, 2017; Ministry of
2020). In
manufacturing, emerging per- and polyfluoroalkyl ether

Ecology and Environment, fluoropolymer
carboxylic acids (PFECAs), such as hexafluoropropylene
oxide-dimer acid (HFPO-DA) and hexafluoropropylene oxide-
trimer acid (HFPO-TA), have been used as alternatives to PFOA
(Song et al,, 2018). However, a recent study showed HFPO-TA
was more bioaccumulative than the legacy PFOA (Pan et al,
2017). Tt is debatable whether these chemicals are suitable
alternatives for PFOA. Studies detected that HFPO-DA and
HFPO-TA were up to 3.10 and 6.85ug/L in the Xiaoging
River (Heydebreck et al, 2015; Pan et al, 2017) while the
occurrence of these emerging PFAS in the other rivers of
Shandong was hardly known.

In this study, a province-scale investigation of rivers was
conducted across Shandong. The objectives of this study were
to 1) investigate the spatiotemporal distribution/compositions
of emerging and legacy PFAS in surface waters of rivers across
Shandong; 2) discuss temporal variations of PFOA and its
substitutes in the Xiaoqing River; 3) estimate the mass
discharges of PFAS into the Bohai and Yellow Seas; and 4)
estimate the environmental risk of PFAS contamination in the
typical industrialized province of China.
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Materials and methods
Study area and sampling

Shandong is a coastal province in eastern China, bordering
Hebei, Henan, Anhui and Jiangsu provinces from north to south
(Figure 1). It is a key location for the fluoropolymer industries in
China with seven known fluoropolymer facilities (F1-F7 shown
in Figure 1) and five of them sitting on the tributaries or canals of
the Xiaoqing River (F1-F5) (Wang et al, 2014a). Facility
1 started to produce PTFE in 2001 with an annual production
capacity of 3 kt (Dongyue Group Limited, 2012) and has grown
into the world’s largest manufacturer of PTFE with an annual
production capacity of 55kt in 2021 (Dongyue Group Limited,
2021). Yellow River, running through nine provinces in China, is
one of the longest rivers (5460 km) in the world and the riverbed
of its section in Shandong is 4-6 m above the land surface (Wang
et al, 2016b). Moreover, the Yellow River is an important
the
with >600 drinking water sources and providing 80% of the

drinking water source for cities along river,

total water usage (Li et al., 2015). Xiaoging River (233 km) runs

parallel to the Yellow River before emptying into Laizhou Bay of
the Bohai Sea and has five major tributaries but many unnamed
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canals feeding into the main river stream (Heydebreck et al.,
2015). Xiaoqing River also receives wastewater from several
major cities in which petrochemical, marine chemical,
electronic, iron, and steel industries are located (Heydebreck
et al., 2015).

The study design was similar to previous studies (Mclachlan
et al., 2007; Wang et al,, 2016b), using surface water samples
taken at river estuaries as an integrated measure of upstream
emissions sources. This was based on the assumption that
moderately to highly water-soluble PFAS were transported
unimpeded to the sea (i.e., they are not retained or degraded).
In this study, the annual riverine water flow of all sampled rivers
at their estuaries accounted for >85% of the total riverine water
flow discharging to estuaries in Shandong (Li and Zhao, 2002).
Thirteen rivers were included based on catchment area, river flow
and geographic coverage of Shandong: Majia, Tuhai, Yellow,
Zhimai, Xiaoqing, Mi, Bailang, Wei, Jiaolai, Wulong, Moshui,
Dagu and Futuan River (from the north coast to the south coast
of Shandong) (Figure 1).

The sampling campaigns were conducted in both wet
(September 19-27) and dry seasons (December 5-11) in 2020.
Two to three sampling sites at intervals of 5-10km were
preselected for each river and they were close to the estuary
but above the tidal limit (Figure 1). Samples were collected
approximately 0.5-1m below the water surface. Solvent-
cleaned polypropylene (PP) bottles were rinsed twice with the
river water prior to final collection. Samples were collected from
bridges so that they were from the main river flow. A total of
68 water samples were obtained. Two field blanks were included
by filling bottles with deionized water and opening for
approximately 5 min during the sampling event. Information
about the sampling time and site (GPS coordinates) was
collected. Basic water quality parameters such as temperature,
dissolved oxygen, salinity and pH were measured in situ with a
multiparameter water analyzer (YSI, United States). The
collected samples were transferred to the laboratory in an ice-
box and immediately stored at —20°C before pretreatment in the
laboratory within 1 week. Details about the sampling sites, time
and water quality data are provided in Supplementary Material
(Supplementary Table S1). Real-time river flow data at the
sampling sites or the nearest gauging stations were obtained
from the Yantai Municipal Bureau of Hydrology (Supplementary
Table S2).

Sample preparation

The sample preparation was performed according to
previous studies with modifications (Taniyasu et al., 2005; Pan
etal, 2018; Zhao et al,, 2020). Briefly, water samples were left to
stand for 24h to settle most of the particles and only
supernatants were taken for analysis. Water samples (200 ml)
were then passed through the preconditioned Oasis WAX
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cartridges (150 mg, 6 cm®, 30 um, Waters, United States) after
being spiked with a mixture of surrogate internal standards
(20 pl, containing 2 ng of each isotopically labeled chemical).
The cartridges were preconditioned by the passage of 4 ml of
0.2% NH,4OH in methanol, 4 ml of methanol and then 4 ml of
deionized water. After water loading, the cartridges were then
washed with 15 ml of deionized water. The target analytes were
eluted with 8 ml of methanol with 0.2% NH,OH in a PP tube. A
clean-up step was performed using ENVI-Carb cartridges (3 ml,
250 mg, Supelco, United States) and particles that appeared in the
final solution were removed by centrifugation. The extracts were
blown to nearly dry under a gentle nitrogen flow and
reconstituted to 200 ul using methanol in PP injection vials.
Samples were stored at 4°C before instrumental analysis within
1 week. More information about reagents and materials is
provided in the SI.

Instrumental analysis

Target PFAS (detailed information about physicochemical
properties and structures shown in Supplementary Table S3 and
Supplementary Figure S1), including PFCAs (C4-C10) and
PFSAs (C4, C6, C8), were quantified using an Acquity
ultrahigh performance liquid chromatography coupled to a
Xevo TQ-S triple-quadrupole mass spectrometer (Waters,
United States). Another two target PFAS, HFPO-DA and
HFPO-TA, were quantified using an API 5500 triple-
quadrupole mass spectrometer (AB SCIEX, United States).
Chromatographic separation was accomplished using an
Acquity BEH C18 column (2.1 mm x 50 mm, 1.7 pum, Waters,
United States) with mobile phases of 2 mM ammonium acetate
in ultrapure water 1) and acetonitrile 2) at a flow rate of 0.4 ml/
min. Multiple reaction monitoring with electrospray ionization
in negative mode was used in both mass spectrometers. Further
details
Supplementary Table S4.

about the instrument analysis are provided in

Quality assurance and quality control

A total of 10 isotope-labeled chemicals were used as surrogate
internal standards (Supplementary Table S4). The 1/x weighted
calibration curve (0.2-200 ug/L) was verified daily and exhibited
excellent linearity (R* > 0.99). Field blanks, procedural blanks,
method detection limits (MDL), quality control (QC) samples,
and matrix recovery tests were conducted to ensure accurate
quantification of PFAS. Instrument limits of quantification
(LOQ) were defined as the lowest concentration spiked in
matrix blank resulting in a signal-to-noise (S/N) ratio above
10. MDL was defined as the average plus three times the standard
deviation of matrix blanks. Most PFAS were not detected in
blank samples and MDLs were set as their LOQs. Recoveries were
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FIGURE 2

Mean concentrations of 12 target PFAS in the coastal rivers
(from north coast to the south coast) of Shandong, China.

acquired by spiking the target chemicals into deionized water,
which ranged from 100.3 + 2.2% to 105.4 *+ 5.0%. During the
injection, one solvent blank and two QC samples (10 and 100 pg/
L) were added every 10 to 15 samples to monitor the
contamination (all below the LOQ) and instrument stability
(standard deviations < +10%). Further details about QA/QC
are available in the SI and the data are presented in
Supplementary Table S5.

Results and discussion

Spatial distribution and compositions of
PFAS in rivers

Ten legacy PFAS (C4-C10 PFCAs and C4, C6, C8 PFSAs)
and two emerging ones (HFPO-DA and HFPO-TA) were all
detectable in the 68 samples collected from 13 rivers of
Shandong, China (data shown in Supplementary Table S6),
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indicating that all the rivers in the study region suffered from
PFAS contamination. As none of the target PFAS showed
statistically seasonal differences in concentrations (see
discussion about seasonality later), their mean concentrations
were used for the following discussion and shown in Figure 2.
The };,PFAS concentrations ranged largely from 23 to
25,400 ng/L, with a decreasing order at four levels: @
Xiaoging, Majia, and Jiaolai Rivers (25,400, 1850 and
1,010 ng/L) > @ Zhimai, Mi, Moshui, and Tuhai Rivers (540,
290, 168, and 115 ng/L) > ® Wulong, Bailang, Dagu, and Wei
Rivers (94, 73, 66, and 57 ng/L) > @ Futuan and Yellow Rivers
(23 and 24 ng/L). Rivers belonging to levels @ and @ are mainly
located in northern Shandong, implying the influence of the
fluoropolymer facilities in this region, while rivers in southern
Shandong were less contaminated by PFAS. Wang et al. (2014a)
and Zhao et al. (2020) investigated selected PFAS in the river
estuaries of this region in 2011 and 2017, respectively, and both of
their studies showed the Y PFAS was three orders of magnitude
higher in the Xiaoqing River than that of the other rivers. Our
results here, together with above findings, implied long-term
serious PFAS contamination in the Xiaoqing River. Relatively
higher Y PFAS in the Majia and Zhimai Rivers were observed in
previous study because they were close to the fluorotelomer
industrial parks (Zhao et al, 2020). This study also found
Jiaolai River could be a potential source of PFAS
contamination in this region due to its relatively higher levels
of PFAS, although no known point source was found. Yellow
River showed the minimum contamination of PFAS in this
region, which was consistent with previous studies (Wang
et al., 2014a; Shi et al., 2021). There were two explanations: 1)
the higher riverbed (4-6 m above the land surface) of the Yellow
River limited receiving wastewater from local facilities; and 2)
there was more dilution with greater water discharge compared
to the other rivers.

The composition of PFAS varied greatly among the rivers but
there was some consistency (Figure 3). PFOA and short-chain
PFCAs (PFBA, PFPeA, PFHxA, and PFHpA) contributed to the
majority (58%-98%, mean: 81%) of the ) ;,PFAS. Although the
concentration of PFOA varied largely in the rivers from 7
(Futuan River) to 17,500 ng/L (Xiaoqing River), it was the
dominant PFAS in all the rivers, which contributed to 25%-
90% of ) 1,PFAS with an average of 46%. High concentrations
and the dominance of PFOA reflected the influence of
fluoropolymer production, especially PTFE production in this
region. In particular, because of the emissions of the
fluoropolymer facilities in northern Shandong, the proportions
of PFOA in rivers in the north (41%-90% in Rivers of Majia to
Wei, except the Yellow River) were higher than that of rivers in
the south (25%-33% in Rivers of Jiaolai to Futuan). The
proportions of the short-chain PFCAs were on the contrary
(i.e., short-chain PFCAs in rivers in the north were lower
than that of rivers in the south). For concentrations of long-
chain PFCAs (PFNA and PFDA) and all PFSAs, the total

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.986719

Wang et al. 10.3389/fenvs.2022.986719
100%
90% #HFPO-TA
80% % HFPO-DA
70% mPFOS
60% ®PFHxS
5054 s PFBS
° #PFDA
0,
40% = PFNA
30% mPFOA
20% % PFHpA
10% #PFHXA
0% L 8 PFPeA
]
PFBA
Q~ & Q~ & Q— & Q‘ Q- NN A =
S N o
& 0.-0 \\° <& = fb & P RIS SN
W QO (@ A .\,_\,bo 63} DI O &
FIGURE 3

Relative contributions of PFAS in the rivers of Shandong, China.

contribution was the least, from <1% (Xiaoqing River) to 27%
(Yellow River) with an average of 10%. In contrast to PFOA,
PFOS only constituted small fractions (<0.1%-12% with an
average of 3%) and ranged from 0.60 to 13.7 ng/L with a
mean concentration of 4.60 ng/L for all the rivers, similar to
the study conducted in 2011 (Wang et al., 2014a).

HFPO-DA and HFPO-TA are emerging substitutes for
PFOA while their information regarding to annual production
and environmental occurrence is scarce. This study first reported
the occurrence of HFPO-DA and HFPO-TA in most studied
rivers except the Xiaoging River. As expected, the highest points
of HFPO-DA and HFPO-TA were both found in the Xiaoging
River, with average concentrations of 164 and 1,040 ng/L,
respectively. HFPO-DA of the remaining rivers was only at
single-digit ng/L levels while relatively high levels of HFPO-
TA were also found in the rivers of Majia (104 ng/L), Mi (47.1 ng/
L) and Bailang (14.9 ng/L). HFPO-TA also accounted for
nonnegligible proportions of the Y ;,PFAS and was even the
second most dominant compound in rivers of Majia (6%), Mi
(16%), and Bailang (21%). Compared with the median
concentrations (0.95 ng/L for HFPO-DA and 0.21 ng/L for
HFPO-TA) reported for river waters from China, Western
and North America (Pan et al, 2018), the
of HFPO-DA and HFPO-TA in the
investigated rivers were at relatively high levels. Heydebreck
et al. (2015) firstly reported the occurrence of HFPO-DA in
the Xiaoging River from samples collected in 2014 and the

Europe
concentrations

influence of the point source was clear from the uptrend
upstream of F1 and downtrend downstream of F1. Pan et al.
(2017) firstly reported the occurrence of HFPO-TA in the
Xiaoging River from samples collected in 2015 and found the
same trend as HFPO-DA. The results indicated that there were
point sources of both HFPO-DA and HFPO-TA in the
catchment of the Xiaoging River (e.g., fluoropolymer facilities)
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and there were also point sources of HFPO-TA influencing the
rivers of Majia, Mi, and Bailang.

Correlation analysis on the concentrations of the 12 PFAS
in rivers showed that all PFCAs and PFBS were significantly
associated while PFOS was significantly associated with most
compounds except PFOA, PFHxS, HFPO-DA, and HFPO-TA
(Spearman correlation coefficients shown in Supplementary
Table S7). It revealed that in these rivers PFOA and PFOS
came from different sources while most compounds except
PFHxS, HFPO-DA, and HFPO-TA shared similar sources
with PFOA/PFOS. Local PFOA contamination is derived
from fluoropolymer manufacturing and processing while
PFOS contamination is usually associated with discharge
from industries such as PFOS manufacturing, metal plating,
textile treatment and the semi-conductor industry (Liu et al.,
2017). It was estimated that 70%-80% of PFOA/PFOS
contamination in the Chinese environment came directly
from industrial wastewater (Liu et al., 2017). Furthermore,
as PFHpA concentrations in atmospheric precipitation were
relatively higher than that of surface water, the PFHpA/PFOA
ratio was used to trace the atmospheric precipitation sources
(Simcik and Dorweiler, 2005). The ratio of PFHpA/PFOA
ranged from 0.5 to 0.9 in urban areas and from 6 to 16 in
remote areas in surface water samples collected from the
midwestern United States (Simcik and Dorweiler, 2005).
The relatively low ratio of PFHpA/PFOA (0.01-0.65, mean:
0.13) in this study indicated that the primary source of PFAS
in the rivers of Shandong was nonatmospheric. Considering
the concentrated industries in this region, it was most likely
that industrial wastewater was mainly responsible for the
contamination of most PFAS, especially PFOA, in the study
region.

Characteristic ratio method is generally used to identify the
source of contaminants in the environment, such as the PFHpA/
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FIGURE 4

Temporal variation of PFOA concentrations in the surface waters of Xiaoging River estuary in the last decade (blue cross stands for the mean

value).

PFOA ratio mentioned above. We propose that the ratio of the
maximum concentration to the minimum concentration of a PFAS
compound (Cax/Cinin) throughout the rivers could indicate the
influence of local point sources on the target compound. Cx/Cinin
ranged from 10 to 14,000 in this study (Supplementary Table S8).
PFOA was influenced by local point sources the most, with the
highest Cpyux/Cinin value (14,000), followed by short-chain PFCAs
(including PFBA, PFPeA, PFHxA, PFHpA, 4000-7000), HFPO-DA
and HFPO-TA (700), long-chain PFCAs and all PFSAs (including
PFNA, PFDA, PFBS, PFHxS, PFOS, 10-100). This was consistent
with the correlation analysis above.

Seasonality of PFAS in rivers

The individual and total PEAS concentrations in the rivers in the
wet season were slightly higher than or almost equivalent to that of
the dry season (taking Xiaoging River as an example shown in
Supplementary Figure S2) but they showed no statistically seasonal
difference (p > 0.05). One study compared its results to previously
reported values and drew the same conclusion (Chen et al., 2017). It
was interesting that seasonal influence (i.e., dilution effect) was not
observed although seasonality of the river flow was evident in the
study region (Supplementary Table 52). This may be explained by
different emission patterns of PFAS (i.e., higher emission in the wet
season and lower emission in the dry season) or surface water runoff
from the manufacturing facilities. Further investigations with higher
time resolution were needed to understand the emission patterns of
PFAS in this region.

Temporal variations of PFOA and
substitutes in the Xiaoqging River

PFOA was the dominant PFAS in all the investigated rivers
while Xiaoging River was found to be the most contaminated
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river in this region by this study and many previous studies.
Thus, temporal variations of PFOA and its substitutes in the
Xiaoqing River were of particular interest. As sampling sites in
different studies posed a great influence on the detected
concentrations, PFOA concentrations at the Xiaoging River
estuary (or at distances of 20-30 km from the estuary) were
obtained from the literature (Wang et al., 2014a; Shi et al.,, 2015;
Wang et al., 2016a; Pan et al,, 2017; Li et al., 2018; Joerss et al.,
2020; Zhao et al, 2020) and this study (Figure 4 and
Supplementary Table S9). It was clear that the mean
concentration of PFOA increased 6-fold from slightly over
3000 ng/L in 2011 to over 21,700 ng/L in 2014 and then
reached a plateau during 2014-2020. Pan et al. (2018)
investigated the concentration levels of PFOA in important
rivers/lakes in China, North America, Western Europe and
South Korea in 2016. The concentration levels of PFOA in the
Xiaoging River were 3-5 orders of magnitude higher than that of
those rivers (<1-50 ng/L). The serious contamination of PFOA
in the Xiaoqing River was clearly related to the concentrated
fluoropolymer facilities locating its catchment (F1-F5). As China
also encouraged to replace PFOA with alternatives, F1 achieved
the replacement rate of 70% for PFOA in 2018 (Dongyue Group
Limited, 2018) and launched five PTFE products that were free of
PFOA in 2019 (Dongyue Group Limited, 2019). Therefore, the
concentration of PFOA in the Xiaoqing River is expected to
decrease in future years due to decreasing emissions.

As important substitutes of PFOA, HFPO-DA, and HFPO-
TA have drawn increasing concerns. Although the maximum
level of 3100 ng/L of HFPO-DA was found in the Xiaoqing River,
it fell to ~80 ng/L when close to the estuary in 2014 (Heydebreck
et al,, 2015). Again, the maximum level of 2060 ng/L of HFPO-
DA was found while it fell to ~120 ng/L in the estuary in 2015
(Panetal, 2017). Zhao et al. (2020) reported 663 ng/L HFPO-DA
at the Xiaoging River estuary. Combined with this study,
100-261 ng/L. HFPO-DA at the Xiaoqing River estuary, the
concentration of HFPO-DA seemed stable in recent years.
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TABLE 1 The numbers of the studied sites exceeded the thresholds for ecological effects from around the world.

Chemical Threshold Jurisdiction Source
value
(ug/L)
PFOA 20 Canada Environment Canada (2012)
PFOA 30 Canada Environment Canada (2012)
PFOA 30 Italy Valsecchi et al. (2017)
PFOA 19 Australia and National Chemicals Working
New Zealand Group (2021)
PFOA 0.1 Italy Valsecchi et al. (2017)
PFOA 0.1 Italy Italian Parliament (2015);
Valsecchi et al. (2017)
PFOS 0.002 European Union European Commission
(2011)
PFOS 0.00065 European Union European Commission
(2011), European
Commission (2013)
PFOS 0.00023 Australia and National Chemicals Working
New Zealand Group (2020)
PFHxA 1 Italy Ttalian Parliament (2015);

Valsecchi et al. (2017)

Number of
sites exceeded
the threshold
(relative river)

Threshold type

PNEC for freshwater pelagic
organisms

1 (Xiaoqing River)

PNEC for rare freshwater minnows 1 (Xiaoqing River)

QS (based on direct toxicity to
freshwater pelagic community)

1 (Xiaoqing River)

99% species protection value (draft
freshwater DGV)

2 (Xiaoqing River)

QSfreshwater: freshwater
concentration leading to secondary
poisoning in predators

AA-EQS (freshwater) for RBSP at
the national level

20 (Majia, Tuhai, Zhimai, Xiaoqing, Mi
and Jiaolai Rivers)

20 (Majia, Tuhai, Zhimai, Xiaoging, Mi
and Jiaolai Rivers)

QSfreshwater: freshwater
concentration leading to secondary
poisoning in predators

AA-EQS (freshwater)

34 (Majia, Zhimai, Xiaoqing, Mi, Bailang,
Wei, Jiaolai, Wulong, Moshui, and Dagu
Rivers)

53 (Most sites excluding some sites of
Tuhai, Yellow, Zhimai, Mi, Bailang, Dagu
and Futuan Rivers)

99% species protection value (draft 68 (all sites)

freshwater DGV)

AA-EQS (freshwater) for RBSP at
the national level

6 (Xiaoqing River)

PNEC, predicted no-effect concentration; QS, quality standard; AA-EQS, annual average environmental quality standard; RBSP, river-based specific pollutant; DGV, default guideline

value.

Only Pan et al.,, 2017 previously reported the concentration of
HFPO-TA in the Xiaoqing River, with ~6000 ng/L at the estuary.
This figure was notably higher than that of the measurement in
this study (774-1,449 ng/L) but it is difficult to discuss temporal
variations due to limited data. The decrease in the HFPO-TA
concentration could also be due to fluctuations in emissions and
hydrological conditions.

Riverine inputs of PFAS into the Bohai and
Yellow Seas

The estimation of riverine inputs of PFAS into the
surrounding Bohai and Yellow Seas
understanding the occurrence, distribution and fate of PFAS

is important for
in these marine environments. The highest global median
concentrations of PFAS were found in the Bohai and Yellow
Seas mainly because of the input of the coastal rivers (Muir and
Miaz, 2021). The river flow rates of this region have changed
dramatically in recent years. For example, the Zhangweixin River
was a relatively large river [annual flow rate was 7.6 x 10° m® in
2012 (Wang et al,, 2015) and 2.9 x 10® m® in 2017 (Zhao et al,,
2020)] but dried up in the sampling year of 2020. Thus, real-time
the
(Supplementary Table S10). The total mass discharge of

flow data were used to estimate riverine input
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12 PFAS was 28.0t in 2020, with 16.6 t in the wet season and
11.4 t in the dry season. Of the 13 rivers, Xiaoqing River (26.5 t)
and Yellow River (0.8 t) contributed ~95 and ~3% of the total
PFAS mass discharge. Xiaoqing River only contributed to <3% of
the annual river flow of the 13 rivers but contributed >90% of
PFBA (2.0t of the total riverine input), PFPeA (1.5t), PFHxA
(2.0t), PFHpA (1.7t), PFOA (18.8t), HFPO-DA (0.2t) and
HFPO-TA (1.2t) to the sea. Yellow River contributed to the
major proportions of the riverine inputs of the remaining
compounds: PENA (50% of 25.0 kg), PFDA (80% of 11.7 kg),
PEBS (39% of 96.1 kg), PFHXS (96% of 151 kg), and PFOS (58%
of 45.1 kg). Although the Yellow River was one of the cleanest
rivers in terms of PFAS contamination in this study, it still
contributed the second-largest mass discharge of PFAS after the
Xiaoqing River because of the large annual river flow (~90% of
the total annual river flow of the 13 rivers).

Comparison of measured concentrations
with threshold values

Ecological risk assessment of PFAS is still developing and
currently established thresholds available from around the world
for the effects of PFAS have been summarized elsewhere (Ankley
et al., 2021). The numbers of the studied sites that exceeded the
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thresholds suitable for this study are listed in Table 1.
Concentrations of PFOA of 1.5%-29% of sites exceeded the
threshold values. PFOA of one site at the Xiaoqing River
exceeded the predicted no-effect concentration for freshwater
pelagic organisms (20 pg/L) and rare freshwater minnows (30 pg/
L) published by Environment and Climate Change Canada,
which indicates that PFAS have or may have an immediate or
long-term harmful effect on the environment or its biological
diversity (Environment Canada, 2012). PFOA of this site at the
Xiaoqing River also exceeded the quality standard (QS) based on
direct toxicity to the freshwater pelagic community (30 pg/L)
developed according to the European guideline (Valsecchi et al.,
2017). PFOA of two sites at the Xiaoqing River exceeded the 99%
species protection value for freshwater (19 ug/L) by the
Australian and New Zealand Guidelines. A total of 20 sites
QS for freshwater
concentration leading to secondary poisoning in predators

related to six rivers exceeded the
(0.1 ug/L) and annual average environmental quality standard
(AA-EQS) for river-based specific pollutant (RBSP) at the
national level (0.1 ug/L). Concentrations of PFOS of 50%-
100% sites exceeded the threshold values. A total of 34 sites
related to 10 rivers (most rivers excluding rivers of Tuhai, Yellow,
Futuan) exceeded the QS for freshwater concentration leading to
secondary poisoning in predators (2ng/L) by European
Commission and 53 sites related to 12 rivers (only excluding
Futuan River) exceeded the AA-EQS for freshwater (0.65 ng/L).
PFOS of all sites exceeded the 99% species protection value for
freshwater (0.23 ng/L) by the Australian and New Zealand
Guidelines. Concentrations of PFHxA at all sites of the
Xiaoqing River exceeded the AA-EQS for RBSP at the
national level (1 ug/L). Thresholds suitable for this study are
also available for PFBA, PFPeA, and PFBS but none of the
concentrations exceeded the thresholds.

PFOA concentrations of 34% of the sampling sites
exceeded the newly published standards for drinking
water quality of China PFOA (80ng/L) (GB
5749-2022), including >50% of the studied rivers
(i.e., Majia, Tuhai, Zhimai, Xiaoqing, Mi, Jiailai, and

for

Moshui Rivers). Although the river waters were not used
as drinking water in the study region, there is still a large
potential risk to the local drinking water system by
influencing the underlying groundwater—an important
option for drinking water source—by migration downward
from river recharge (Liu et al., 2016). Moreover, river water is
commonly used for irrigation, which might pose risks due to
PFAS in soils and subsequent accumulation into crops and
vegetables and eventually accumulation in humans.

Conclusion

In this study, we investigated spatiotemporal variations,
mass discharges and ecological risks of emerging and legacy
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PFAS in rivers of Shandong, China. Several key findings were
obtained: 1) the 12 PFAS, including the emerging substitutes
of PFOA (i.e., HFPO-DA and HFPO-TA), were all detectable
and ranged largely but PFOA was dominant in all the
investigated rivers, 2) elevated levels of all target PFAS
were found in the Xiaoqing River but Majia and Jiaolai
the
seasonality of the PFAS concentrations in rivers with

Rivers are also of concern, 3) nonsigniﬁcant

seasonal flows may indicate their different emission
patterns. Furthermore, PFOA concentration increased 6-
fold from 2011 to 2014 and reached a plateau during
2014-2020. The total annual mass discharge of 12 PFAS
was 28.0 t, of which, Xiaoqing and Yellow Rivers contributed
~98% of the total. There were potential risks of PFAS for
freshwater organisms and humans in the study region. The
ratio of maximum concentration to minimum concentration
(Cimax/Cmin) of a compound was proposed to indicate the
influence of local point sources and PFOA was influenced by
local point sources the most, with the highest C.,./Ciin
value. Different emission patterns of PFAS (i.e., higher
emission in the wet season and lower emission in the dry
season) or surface water runoff from the manufacturing
facilities may result in the nonsignificant seasonality of
the PFAS the Further

investigations with higher time resolution were needed to

concentrations in rivers.

understand the emission patterns of PFAS in this region.
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