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ABSTRACT: The production and use of long-chain perfluoro-
alkyl substances (PFASs) must comply with national and
international regulations. Driven by increasingly stringent
regulations, their production has been outsourced to less
regulated countries in Asia. In addition, the fluoropolymer
industry started to use fluorinated alternatives, such as 2,3,3,3-
tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)propanoic acid
(HFPO-DA). Between August 2013 and September 2014, we
investigated the occurrence and distribution of HFPO-DA and
legacy PFASs in surface waters of the following river/estuary
systems: the Elbe and Rhine Rivers in Germany, the Rhine-

Meuse delta in The Netherlands, and the Xiaoqing River in China. Distinct differences were revealed among the study areas;
notably, the Chinese samples were highly polluted by an industrial point source discharging mainly perfluorooctanoic acid
(PFOA). This particular point source resulted in concentrations more than 6000 times higher than an industrial point source
observed in the Scheur River, where HFPO-DA was the dominant compound with a concentration of 73.1 ng/L. Moreover,
HFPO-DA was detected in all samples along the coastline of the North Sea, indicating that the compound may be transported
from the Rhine-Meuse delta into the German Bight via the water current. To the best of our knowledge, the fluorinated
alternative, HFPO-DA, was detected for the first time in surface waters of Germany and China.

Bl INTRODUCTION

Perfluoroalkyl substances (PFASs), chemicals of anthropogenic
origin, have been the subject of research for nearly two decades.
Based on their chemical structures, the substances are divided
into long-chain PFASs (>seven carbon atoms) and short-chain
PFASs (<seven carbon atoms).! Long-chain PFASs are of great
concern because they are highly persistent, bioaccumulative,
toxic, and ubiquitous in the environment.> Their production
and use have been restricted to comply with national and
international regulations. In 2009, perfluorooctanesulfonic acid
(PFOS) and related substances based on perfluorooctane
sulfonyl fluoride (POSF) were included in the Stockholm
Convention, a global treaty designed to protect the environ-
ment and human health from persistent organic pollutants
(POPs).> Additionally, the long-chain C,; to C,, perfluoroalkyl
carboxylic acids (PFCAs), as well as perfluorooctanoic acid
(PFOA) and its salt ammonium pentadecafluorooctanoate
(APFO), were listed in the Candidate List of substances of very
high concern by the European Chemicals Agency.* There has
been, since October 2014, an ongoing proposal to ban the
production, use, and placement on the market of PFOA, its
salts, and PFOA-related substances in the European Union.> As
a consequence of these regulations, the production of long-
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chain PFASs has shifted toward less regulated countries in Asia
as well as toward nonregulated short-chain PFASs.%” The short-
chain PFASs, such as perfluorobutanesulfonic acid (PFBS), are
allegedly less toxic and bioaccumulative than the long-chain
PFASs, but they are still resistant to environmental
degradation.8 Additionally, their solubility increases as the
number of carbon atoms decreases,’” which makes the
substances more mobile and problematic if contaminated
surface water is used as a drinking water source.'® Furthermore,
a higher amount of short-chain PFASs is necessary to achieve a
comparative level of water and oil repellency. Thus, the
fluoropolymer industry has attempted to develop fluorinated
substances with more favorable toxicological and environmental
attributes.'™'? Information on structural properties, production
volumes, uses, and environmental and biological effects of those
alternatives is limited. Some fluorinated alternatives have been
identified recently including 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic acid (HFPO-DA,

Received: April 1, 2015
Revised: ~ June 18, 2015
Accepted: June 24, 2015

DOI: 10.1021/acs.est.5b01648
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.5b01648

Environmental Science & Technology

STOONT N

osond A ¢ - \
56°30N R;p o) & 2
' 55°0'N f
56°0N S o= X )
5 L
55°30'N 2 Q\
- Morth-Sea & e s . <=
550Ny = \’%\“h 54°30N German Bight o 45
< 2 X Z
54°30'N ei //w% 5N
40N . i 1\ a0 T TIo0
——= —g( 54°0N T12 algy s o9
°30'N4 - T13 B 9
53°30N nAL Ibe satis L4 o2
53°0'N w‘\:ov' '§S11 éj: A885—— _ xhaven T
— {
S16 15 S8 _ masio T19
52930 EnTs 58o30N S18S17a "a” T Bsig ,%10\ e s ;‘7“%
Delfzij 6
= Groningen B
51°30N{C)
=
51°0N .
Rhine =
50°30N
50°0N i e S

6°0E

0510 20 30 40
O

11

7°30'E

6°30E  7°0E 8°0E  8°30E  9°0E

méwéfé

4 E20 Hamburg
T2E19 et 10, E17
Geesthacht !

5°30'E

T4930E | S30E | 6°30E | T°30E | 8°30E | 9°30E | 10°30E  11°30E 12%3QE  13°30E

53°0'N

52°30'N

eser|

52°0'N

<R18 \Jof—

51°30'NA

51°0'NA
20 E1
Dresden

0510 20 30 40 0510203040
Cr———m OOk

L
6°0'E

4°0'E 4°30'E 5°0'E 5°30'E 6°30'E 7°0'E 9°0'E  9°30'E  10°0'E 10°30'E 11°0'E 11°30'E 12°0'E 12°.I“50'E 13°0'E 13°30'E
A . /\//
A Bohai Sea /
38° N+ : 4 Dongying
- _ . 2
v / 2y
: Yellow River = 96 %O 22
1618 3 A 50"21
’ 5
37° N ,
y 4
/] ‘ 3 5
2, & .
. & &, Weifang
1 Jinan 5 N °
° &
Ool,s,% . Xiaoqing River
37° NA “
0 25 50
K
117°E 118°E 118°E 119°E 119°E

Figure 1. Overview of the sampling sites in The Netherlands and Germany (top) and in the People’s Republic of China (bottom) (created with the
help of Esri ArcGIS 10.2.1.3497 software).

C¢HF;,0,).">"* 1t is the dimer acid of hexafluoropropylene
oxide (HFPO) that is used as a monomer or monomer

chemical structure is characterized by a carboxylic group that is
attached to a perfluoroether chain (Figure S1). The ammonium

precursor in the synthesis of organofluorine products.15 The salt of HFPO-DA, namely GenX, is known as an APFO or
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PFOA alternative that has been produced as a processing aid
for fluoropolymer resin manufacturing since 2010." The
substance has been registered under REACH — a regulation
for the registration, evaluation, authorization, and restriction of
chemicals in the European Union — with an annual production
volume of 10 to 100 tons.'” The producer developed an
exposure control strategy to prevent the substance from
spreading beyond the production site.'® However, GenX is
chemically stable and would be persistent if released into the
environment.'®!” Thus, it is debatable whether this chemical is
a suitable alternative for PFOA. Preliminary results have shown
that HFPO-DA and other structurally similar compounds are
present in river water downstream of a known historical
fluorochemical manufacturer effluent in North Carolina, USA."
Other fluorinated alternatives, such as ADONA and F-53B,
have been detected in the Alz River'® or in wastewater from the
chrome plating industry."”” However, for quantification of
fluorinated alternatives in environmental samples, analytical
standards are mandatory.

Within the scope of this study, HFPO-DA was the only
available analytical standard. Thus, the purpose of our study
was to investigate whether the fluorinated alternative HFPO-
DA is present in riverine and coastal areas of Germany and
China and, if so, to locate the sources of its release. By
comparing the concentrations of HFPO-DA in the study areas
with those of the predecessor substance PFOA and the short-
chain PFASs, which were primarily used as alternatives, the
differences in pollution levels and distribution patterns of
PFASs between Germany and China should become apparent.
In addition, a discussion regarding the possible causes behind
the different results is warranted.

B MATERIALS AND METHODS

Sampling Sites. The areas of study were the Lower Rhine
River, including its branch streams Waal, Old Meuse, Hollands
Diep, Scheur, and Ijssel; the Elbe River; the coastal region of
the North Sea, including the estuaries of the Weser and Ems
Rivers; and the Xiaoging River, including Laizhou Bay in the
province of Shandong, China (Figure 1). All sampling areas
were located in industrialized regions. Major urban districts,
such as Leverkusen, Hamburg, and Bremen in Germany,
Rotterdam in The Netherlands, as well as Jinan, Zibo, and
Dongying in China, are located in the river catchment areas.
The Rhine River is Germany’s longest river, at a total length of
1238 km.* It is an important waterway in Europe, connecting
large industrial inland complexes with the port of Rotterdam,
one of the biggest logistics hubs worldwide. The Rhine River
splits downstream of the Dutch-German border forming the
Rhine-Meuse delta before discharging into the North Sea. The
Elbe River is the third largest river in Central Europe, with a
length of approximately 1090 km.*' The population density is
high along the German portion of the river, especially in the
estuary — Hamburg had 2382 inhabitants km™ in 2011** —
and numerous industrial activities are also located along the
river. Both the Rhine and the Elbe catchment areas have a long
history of industrialization and have been the seat of chemical,
pharmaceutical, paper, and leather-processing industries since
the 19th century.”"?

In contrast, in the People’s Republic of China, the industrial
development has rapidly expanded over the past decade. The
fast economic growth has led to an increasing demand for the
production and use of PFASs and related chemicals. The
Xiaoging River is an artificial river channel that is 233 km long.

Once an important waterway, its use has been terminated due
to decreased water flow and heavy pollution from domestic
sewage and industrial wastewater. The Xiaoqing River receives
wastewater from several major cities in which petrochemical,
marine chemical, electronic, iron, and steel industries are
located. It is, moreover, an important location for the
fluoropolymer industry, with manufacturing sites for fluorinated
refrigerants and polytetrafluoroethylene (PTFE) reaching
production capacities from hundreds to thousands of tons per
year.”* The Xiaoqing River, thus, became one of the most
polluted rivers in China,* in which high PFOA levels of up to
76.9 ng/g in sediments®® and 4.5 ug/L in surface water** were
detected. The river discharges into Laizhou Bay, which is a part
of the southern Bohai Sea and an important fishing region in
North China.

Sample Collection. Five sampling campaigns were
performed in Germany, The Netherlands, and the People’s
Republic of China between August 2013 and September 2014
(Figure 1 and Table S1). One liter of water samples was
collected in polypropylene bottles (VWR International) or in
polyethylene terephthalate bottles. The samples from the Rhine
(August 2013) and Elbe (September 2014) Rivers were cooled
during the sampling campaign and filtrated through glass fiber
filters (GF/F, Whatman, @ 47 mm) in the clean laboratory
(class 10.000 according to US FED 209D) at the Helmholtz-
Zentrum Geesthacht. All glass fiber filters were baked at 450 °C
for 12 h before usage. The sampling campaigns in the coastal
area of the North Sea (March and August 2014) were carried
out on board the R/V Ludwig Prandtl. The filtration of the
samples from March 2014 was performed on board, and the
samples from August 2014 were frozen to —20 °C and filtrated
in the clean laboratory. The samples from the Xjaoqing River
(April 2014) were cooled during the sampling campaign and
filtrated in the laboratory at the Yantai Institute for Coastal
Zone Research. In total, 111 samples were analyzed for PFASs
as described below.

Chemicals. The following substances were detected during
the study: 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3,-
heptafluoropropoxy)propanoic acid (HFPO-DA), perfluorobu-
tanoic acid (PFBA), perfluoropentanoic acid (PFPeA),
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid
(PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic
acid (PENA), perfluorodecanoic acid (PFDA), perfluorounde-
canoic acid (PFUnDA), perfluorododecanoic acid (PFDoDA),
perfluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic
acid (PFHxS), perfluorooctanesulfonic acid (PFOS),
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctane-1-sulfonic acid (6:2
FTS), 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-1-octane-
sulfonamide (FOSA) (Table S2). All native and mass-labeled
reference standards were purchased from Wellington Labo-
ratories (Guelph, Canada). The following solvents and reagents
were used for the sample treatment at Helmholtz-Zentrum
Geesthacht, Germany: Methanol (Picograde) and acetone
(Picograde) were purchased from LGC Standards (Wesel,
Germany). Methanol (LiChroSolv) and ammonia solution 25%
(Suprapur) were purchased from Merck (Darmstadt, Ger-
many). Ammonium acetate (LC-MS ultra) was purchased from
Sigma-Aldrich (Steinheim, Germany). Millipore water was
supplied by a Milli-Q Integral S (Darmstadt, Germany). In
China, purified water was supplied by a Pall Cascada LS system.
Methanol and acetone were purchased from Kermel (Tianjin,
China) and from Sinopharm Chemical Reagent Co., Ltd.
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(Shanghai, China), respectively. Both solvents were distilled
before usage.

Sample Extraction. The samples from the coastal area of
the North Sea (August 2014) and the Rhine and Elbe Rivers
were extracted in a clean laboratory. The samples from the Elbe
estuary and German Bight (March 2014) were extracted on
board the R/V Ludwig Prandtl, while vacuum drying and elution
were performed in the clean laboratory. The samples from the
Xiaoqing River were extracted in the laboratory at the Yantai
Institute for Coastal Zone Research. For sample extraction,
glass funnels and solid phase extraction (SPE) cartridges
(Waters Oasis Wax, 150 mg, 6 cm®, 30 um particle size) were
used. Due to local conditions, the extraction was modified
based on the method described by Ahrens et al>” The SPE
cartridges were cleaned with 10 mL of acetone, methanol, and
0.25% ammonium hydroxide in methanol, respectively. The
samples were spiked with mass-labeled internal standards
before extraction (20 uL, 250 pg/uL). The cartridges were
loaded with the samples at approximately 2 mL/min. A volume
of 1 L was extracted for a majority of samples. The cartridges
were washed with 5 mL Millipore water and then dried using a
vacuum pump topped with aluminum foil and then eluted with
10 mL of 0.25% ammonium hydroxide in methanol. The
eluates were reduced to 150 uL under a gentle stream of
nitrogen (>99.999%) and the mass-labeled ["*C,]-PFOA and
[PCs]-PFOA were added as injection standards (10 uL,
100 pg/pL). The samples from the Xiaoging River were
treated similarly, but only 400 mL of water were extracted. The
dried cartridges were stored at —20 °C until elution.

Instrumental Analysis. All samples were analyzed through
a HPLC-MS/MS system using a HP 1100 LC system (Agilent
Technologies) coupled to an API 3000 mass spectrometer (AB
Sciex). Analysis was performed using negative electrospray
ionization, with unit resolution in Q1 and Q3. MRM transitions
for the target compounds are provided in Table S2. High
performance liquid chromatography was performed using a
Synergi 4 um Fusion-RP-C18 column (150 X 2 mm;
Phenomenex) combined with a SecurityGuard cartridge for
Fusion-RP HPLC columns (4 X 2 mm, Phenomenex). The
mobile phase consisted of A) water and B) methanol, both
added with 10 mmol ammonium acetate. The gradient profile
was achieved at a flow rate of 200 ¢L/min and initiated with an
equilibration of 70% A for 10 min, which was decreased to 30%
A for 3 min and to 10% A up to 29 min, and then increased to
100% B up to 31 min. 100% B was held for 14 min. The
column was heated constantly at 30 °C.

Quality Assurance and Quality Control. Analytes were
quantified using solvent based calibration curves obtaining the
relative response of the target analyte to the amount of an
appropriate mass-labeled internal standard. No appropriate
internal standards were available for PFBS, PFPeA, and
PFHpA. For those substances, internal standards with one or
two carbon atoms longer or shorter were used. For HFPO-DA,
[*C;]-HFPO-DA was only available for the extraction of the
samples from the Rhine River. For the other samples, [**C,]-
PFHxA was used, as recovery tests without matrix resulted in an
accordance of 106 + 9%. The mean recoveries of the internal
standards ranged from 49 + 20% ([**C,]-PFOA) to 98 + 70%
([*C¢]-PENA). All calibration graphs were linear, and the
correlation coefficients were >0.99 for all analytes. The
calibration levels ranged from 0 pg/uL to S00 pg/uL (11-
point calibration). Higher concentration levels were added for
HFPO-DA, PFBA, PFPeA, PFHpA, PFHxA, and PFOA when

analyzing the samples from the Xiaoging River. Some calculated
concentrations had to be considered as semiquantitative,
particularly for PFOA (Table SS). These concentrations were
extremely high because of a strong point source near sampling
site. X10, which made a suitable calibration impracticable.
Furthermore, diluting the samples was not a feasible option, as
the concentration of the internal standards would be too low to
be detected. If the calculated values were above the calibration
range, then the real values would be even higher. However, the
semiquantitative results should have no effect on the discussion
of the Xiaoqing River results. The Limit of Detection (LOD)
and the Limit of Quantification (LOQ) are defined as the
concentration measured by the analytical instrument at a signal-
to-noise ratio (S/N) of 3 and 10, respectively. Accordingly, the
LOD and LOQ ranged from 0.1 pg (PFOS) to 0.7 pg (PFPeA)
and from 0.3 pg (PFOS) to 2.4 pg (PFPeA), respectively.
Methanol was regularly injected as an instrumental blank after
injecting five samples. As all PTFE consisting parts had been
removed or replaced by stainless steel, polyethylene, or
polypropylene, the methanol blanks did not register instru-
mental contamination. At least five procedural blank samples
were extracted with the water samples. The blank contami-
nations distinguished among the sample batches which were
extracted at varying times and locations. The method blank
concentrations were taken into consideration when calculating
sample concentrations. For the analytes present in the method
blanks, the Method Detection Limit (MDL) and the Method
Quantification Limit (MQL) were calculated with the blank
standard deviations multiplied by the variable from the
Student’s t table at 98% confidence’® and by a factor of 10,
respectively. For the analytes absent in the method blanks, the
sample with the lowest concentration was chosen to extrapolate
from the calculated S/N at this concentration to a S/N of 3 and
10, respectively. All values, including the LODs, LOQs, MDLs,
MQLs, and mean recoveries, are listed in the Tables S3 and S4.

Principal Component Analysis. The Kaiser-Meyer-Olkin
measure of sampling adequacy (KMO) was calculated using
SPSS Statistics 22 software (IBM, Armonk, NY) to determine
the appropriateness of the data set for Principal Component
Analysis (PCA). The KMO was calculated to be 0.804,
suggesting the data set as suitable for PCA.”> PCA was applied
using OriginPro 9.1G software (OriginLab Corporation,
Northampton, MA) to compare statistically the PFASs
distribution patterns among sampling sites and to identify the
factors that mostly influence the sampling sites. Five principal
components were retained as they cumulatively contributed to
more than 90% of total variation in the data set.’® Raw data
(measured PFASs concentrations) was normalized by subtract-
ing the average concentration of each compound from the
individual concentrations and dividing through the standard
deviation. Principal Component 1 (PC1), Principal Compo-
nent 2 (PC2), and Principal Component 3 (PC3) contributed
49.34%, 21.46%, and 12.44% to total variation in the data set,
respectively. The score and loading plots for PC1 and PC2 and
for PC2 and PC3 are given in the Supporting Information
(Figures S6 and S7).

B RESULTS AND DISCUSSION

Spatial Distribution of PFASs. The spatial distribution of
PFASs was investigated in the Lower Rhine and its branch
streams (R1 to R23); the Elbe River (E1 to E22); the nearshore
zone of the North Sea, including the Elbe estuary, the Lower
Weser, and the Lower Ems (T1—T19 and S1—S18); and the
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Figure 2. PFASs concentrations [ng/L] in selected surface water samples from the Lower Rhine and its branch streams Waal and Scheur (R1-R19,
August 2013), from the Ems estuary (S6—S9, August 2014 and R22—R23, August 2013), from the North Sea (S10—S16, August 2014 and T10—
T1S, March 2014), from the Weser (T19, March 2014), and from the Elbe estuary (T7—T9, March 2014).

Xiaoging River, including the Laizhou Bay (X1-X29) (Figure
1). The alternative substance HFPO-DA and 14 legacy
perfluoroalkyl substances were detected. PFASs concentrations
at all sampling sites are illustrated in Table S5, and the
detection frequencies, as well as the maximum, minimum,
mean, and median for the analyte concentrations, are
highlighted in Table S6. To the best of our knowledge, this
study is the first to report quantitative measurements of the
fluorinated replacement substance HFPO-DA in surface water.

PFASs in the Lower Rhine and its Branch Streams.
HFPO-DA, as well as 13 legacy PFASs, were quantified along
the Lower Rhine and its branch streams, including the Ems
estuary (Figure 2). The XPFASs concentrations ranged from
15.9 ng/L at the city of Cologne (R1) to 111 ng/L at the city of
Leverkusen (R2). The pollution burden at station R1 was
relatively low; it greatly increased at station R2 where a lot of
industrial sites are located. Since 2007, the North-Rhine-
Westphalia State Environment Agency (LANUV) has offered
to support companies in reducing their discharges of PFASs
into the environment.’' Consequently, total concentrations of
PFASs were found to be below the LANUV predefined
guideline limit of 1 ug/L. However, the alternative substance
HFPO-DA was the dominant compound detected, with a
remarkably high concentration of 86.1 ng/L at sampling site R2
in Leverkusen. It is noteworthy that the concentration of
HFPO-DA was approximately three times higher than that of
the sum of legacy PFASs. Moreover, HFPO-DA was detected in
a relatively low concentration of 0.6 ng/L downstream at
station R12, close to the German—Dutch border. Between

sampling sites R2 and R12, HFPO-DA was not detected. As
HFPO-DA has an estimated low pK, value of 0.06, a high water
solubility of 7.1 g/L, and a half-life in water of 17280 h,? the
detection of HFPO-DA may have resulted from a temporary,
discontinuous or accidental discharge of this chemical upstream
of sampling site R2. Therefore, it is possible that we measured
the maximum concentration of a pollution wave that dropped
sharply due to dilution and dispersion processes.>® As this result
stems from a single measurement, it could be that HFPO-DA
was observed accidentally.

A second point source of HFPO-DA appears to be located
near sampling site R19 in the city of Rozenburg-Rotterdam in
the branch stream Scheur, which is a part of the Rhine-Meuse
delta. There it was detected at a concentration of 73.1 ng/L, a
magnitude comparable to that of sampling site R2 and,
similarly, approximately two times greater than that of the
sum of legacy PFASs. In 2008, the dominant compound at this
sampling site was PFBA at a concentration of 105 ng/L.>* A
possible source of contamination is the Port of Rotterdam with
more than 45 chemical plants situated here.*® The city of
Dordrecht may also be a source area, because some
fluoropolymer manufacturing industry is located there.*®
HFPO-DA was not detected in the Old Meuse; however, it
could have been transported through the Noord and New
Meuse Rivers to the Scheur and ultimately into the North Sea,
as it was detected at a concentration of 1.4 ng/ L at station R23
in the Ems estuary.

The main legacy PFASs were PFBS, PFPeA, and PFOA with
average concentrations of 15.6 + 9.2 ng/L, 4.7 + 1.7 ng/L, and
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Figure 3. PFASs concentrations [ng/L] in surface water along the Xiaoqing River including the tributaries Dongzhulong and Zi and Laizhou Bay.

4.8 + 1.0 ng/L, respectively. PFBS had higher variations
compared with PFPeA and PFOA. The highest PFBS
concentration of 40 ng/L was detected in the Waal River at
station R15. Comparing our results with those from 2008,>*
PFBS pollution was approximately five times lower, most likely
due to reducing its discharge into wastewater.”' Additionally,
PFHxS, PFBA, PFHxA, PFHpA, PFNA, and PFDA were
detected in all samples. PFOS was detected in 74% of the
samples, FOSA in 87% of the samples, 6:2 FTS in 26% of the
samples, and PFDoDA in one sample.

PFASs in the Elbe River. Fourteen legacy PFASs were
quantified along the Elbe River (Figure SS). PFBS, PFHXxS,
PFPeA, PFHxA, PFOA, and PEFNA were detected in all
samples. PFBA and PFUnDA were detected in 91% of the
samples. PFDA was detected in 95%, PFHpA in 68%, FOSA in
64%, 6:2 FTS in 59%, PFDoDA in 50%, and PFOS in 36% of
the samples. The XPFASs concentration ranged from 4.6 ng/L
at the city of Démitz (E1S) to 27.2 ng/L at the city of
Gliickstadt (E21). As expected, levels were lower than those
from the Lower Rhine. In general, PFASs pollution in the Elbe
River results from diffuse sources rather than from industrial
point sources. This hypothesis is statistically supported by the
results from PCA. As Figure S6 illustrates, the sampling sites
from the Elbe River are mainly situated on the positive side of
PC2, whereas the sampling sites from the Rhine River are
dominant on the negative side of PC1. Comparing PC2 with
PC3, the separation of the study areas becomes even more
obvious (Figure S7). The compounds PFBS and PFHxS are
major contributors to PC3, whereas PFDoDA, PFUnDA, 6:2
FTS, and FOSA are major contributors to PC2, indicating that
these compounds, which may come from different sources, are

mainly responsible for separating the Elbe River samples from
the Rhine River samples.

The dominant compounds in all samples were PFBS, PFPeA,
and PFHxA, with average concentrations of 2.3 + 0.7 ng/L, 2.4
+ 1.4 ng/L, and 2.8 + 0.6 ng/L, respectively. High XPFASs
concentrations were detected in samples close to the city of
Hamburg and downstream of the city, particularly resulted
from an increase of PFOS after the barrage in Geesthacht which
is located between sampling sites E17 and E18. In 2006, an
increase of the PFOS concentration by approximately 190%
was detected close to the same location.”” However, the
XPFASs concentration of 21.5 ng/L is lower than in 2006
(50.7 ng/L)*” and similar to 2011 (15 ng/L).>” Another local
source of PFOS pollution appears to be located near sampling
site. E6, where the highest concentration, 10.5 ng/L, was
detected. In 2008, a PFOS concentration of 6.7 ug/L was
detected in the same area of the Elbe River.*® Although the
current concentration is much lower than six years ago, the
unknown source potentially still exists. PFHpA was not
detected between sampling sites E1 and E7, whereas 1.7 ng/
L was observed at station E8. This increase in levels could be
the result of a nearby chemical plant that produces cleaning
agents and other products. The concentration decreased at
subsequent stations and increased again after the barrage in
Geesthacht (E18). The substance 6:2 FTS was detected in
samples mainly from the Upper Elbe and partially from the
Middle Elbe. The source may be film-forming fluorinated
surfactants used, for example, in aqueous film-forming foams
(AFFF). The surfactants are based on perfluoroalkyl betaine,
which ultimately could degrade to 6:2 FTS and PFHxA.*"*

Transport of PFASs into the North Sea. As mentioned
previously, the fluorinated alternative HFPO-DA was detected
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in the Ems estuary in August 2013 (R23). To locate the source
of HFPO-DA pollution and to investigate whether it is equally
present in the German Bight, two sampling campaigns were
conducted along the German and Dutch coast in March and
August 2014. HFPO-DA, as well as 11 legacy PFASs, were
quantified in the coastal region of the North Sea, including the
estuaries of the Elbe, Weser, and Ems Rivers (Figure 2). The
XPFASs concentrations ranged from 3.9 ng/L in the German
Bight (S2) to 39.1 ng/L in the Ems River (S6). In general, the
XPFASs concentrations decreased as seawater dilution
increased.

HFPO-DA was detected in all samples along the coastline
with average concentrations of 1.8 + 0.8 ng/L in March and 1.2
+ 0.3 ng/L in August 2014. The substance was not detected in
the Elbe, Weser, and Ems Rivers but was detected in a few
samples taken from their estuaries (T8—T9 and S7—S9). These
samples had been affected by seawater, as salinity levels were
above 9.5 practical salinity units (psu). HFPO-DA was the
dominant compound in the samples taken from the German
Bight in March 2014 (T10—T15). In the samples from August
2014, the substance was dominant along with PFOA and
PFHpA, except in the samples from the Ems estuary. The
results confirm that the fluorinated alternative HFPO-DA has
not been transported through the Elbe, Weser, and Ems Rivers
into the German Bight. We hypothesize that its contamination
originates from the Rhine-Meuse-delta and has been trans-
ported via the water current® along the coastline of the
German Bight. A similar assumption has been made to explain
higher PFBS concentrations in the German Bight than in the
Elbe River in 2009.”

The legacy PFASs (PFHxS, PFPeA, PFNA, PFDA, and
PFUnDA) were found mainly in the estuaries. Nevertheless,
slightly elevated XPFASs concentrations were found at
sampling sites T9, S9, and between S12 and S14. Results at
T9 primarily showed an increase in PFOA, which could be
attributed to its proximity to the harbor of Cuxhaven. The
sample from site S9 showed mainly an increase in PFHpA and
PFOA and was possibly affected by the Ems canal connecting
the cities of Groningen and Delfzijl. Generally, a higher average
SPFASs concentration was observed in the Ems (36.6 +
3.5 ng/L) than in the Elbe and Weser Rivers (10.6 + 1.2 ng/L
and 12.1 + 2 ng/L, respectively). The ZPFASs concentration in
the Elbe estuary was lower in March 2014 than in September
2014, which suggests a possible seasonal influence, also noticed
in 2011.%

PFASs in the Xiaoqing River. HFPO-DA and 10 legacy
PFASs were quantified along the Xiaoqing River (Figure 3).
The XPFASs concentrations ranged from 42.4 ng/L near the
city of Jinan (X2) to 660 pg/L in the Dongzhulong River
(X10), implying an increase in XPFASs concentration by 4
orders of magnitude. The fluorinated alternative HFPO-DA
was detected in 76% of the samples with a maximum level of
3.1 ug/L at site X12, which is approximately 36 times higher
than the concentration caused by the point source in the Rhine
River. Nevertheless, HFPO-DA — and likewise the shorter-
chained PFCAs — was a minor component in the Chinese
samples compared with the dominant compound PFOA, which
made up the highest proportion, 87 + 9%, in all samples.
Interestingly, no short-chain sulfonic acids were detected, and
PFOS was only observed in low concentrations or below the
MDL. A likely explanation for these results is that the sulfonic
acids were neither manufactured nor widely applied in
industrial processes in this region.*' Based on the results

from PCA, PC1 was characterized by high loadings of HFPO-
DA and PFCAs with a chain length of C, to C,, (Figure S6).
Thus, these compounds mainly contribute to a separation of
the Xiaoqing River samples from the European samples,
indicating a different source of pollution among the areas of
study. Concentration levels of the long-chain carboxylic acids
PFDA, PFUnDA, and PFDoDA were similar to those from the
Elbe River or below the MDL, indicating that they are less
relevant in surface waters of the Xiaoqing River.

The XPFASs concentrations between sampling sites X1 and
XS were of a similar level compared to samples from the Rhine
River, followed by an 8-fold increase at X6, primarily caused by
PFOA and PFBA. The XPFASs concentration decreased from
X6 to X7 and then increased rapidly to X8 by a factor of 19.
The sampling sites X7 and X8 are in close proximity; however,
the Shengli River flows into the Xiaoqging River between these
two sites, indicating that this tributary directly impacts the
PFASs pollution of the Xiaoqging River. It is possible that
smaller fluoropolymer manufacturing sites which are located in
the region of Zouping county are responsible for the increased
concentrations from sampling site X6.** Along the Xiaoqing
River, a high XPFASs concentration of 106 yg/L was observed
at station X11, which has been attributed to a substantial point
source in proximity to sampling site X10 located in the
tributary Dongzhulong. PFOA was the dominant compound
detected, with a concentration of 579 ug/L, whereas the
SPFHpA, PFHxA, PFPeA, PFBA, HFPO-DA, PENA, PEDA,
and PFUnDA concentration was 80.9 ug/L. The percentage of
these compounds was only 13%; however, their concentrations
were considerably higher compared with the concentrations in
the Rhine and Elbe Rivers. The levels from sampling site X10
totaled approximately 6000 times that of sampling site R2 in
the Rhine River. The difference between the concentration
levels may be due to both higher production volumes and less
current technological standards at the wastewater treatment
facility. Such high concentrations are almost certainly caused
primarily by industrial discharges from fluorochemical or
fluoropolymer manufacturing sites. This hypothesis is sup-
ported by the fact that, to the best of our knowledge, this area is
home to Asia’s largest industrial park for fluorine- and silicon-
based products, including manufacturing sites for polytetra-
fluoroethylene (PTFE), tetrafluoroethylene (TFE), and other
fluorinated and fluoropolymer fine chemicals with groduction
capacities of several hundred thousand tons per year.** In 2011,
high concentrations of PFOA were found in human blood
samples from Zouping, a neighboring district to Huantai, where
the industrial park is located.*” Our results reveal that the
fluoropolymer industry located in the North of Zibo seriously
impact the Dongzhulong River, and consequently the Xiaoging
River and the Laizhou Bay, as the following sampling sites are
strongly affected by the point source, as described below.

The XPFASs concentrations decreased by a factor of 6 from
the sampling sites X10 to X11, followed by a recurring increase
at X12. However, PFBA showed a marginally lower
concentration at station X12 than at X11. Although the
2PFASs concentration at station X12 was lower than at station
X10, HFPO-DA was the only compound that registered a
slightly higher concentration, 3.1 pug/L, than at station X10
(2.2 pg/L). It is possible that the Shengli River contributes to
the PFASs pollution of the Xiaoging River (Figure 1). Other
tributaries, such as the Zi and Zhinve Rivers, may also impact
the PFASs pollution levels of the Xiaoqing River, because the
XPFASs concentrations increased slightly until sampling site
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X17. However, it is uncertain what the sources of PFASs are,
and it could be that these tributaries are likewise directly
influenced by the fluoropolymer industry at the Dongzhulong
River due to a strongly interconnected waterway network. In
2011, a XPFASs concentration of 5.1 pg/L was detected near
sampling site X12.>* Comparing our results with those from
2011, we found an increase in the total concentration by a
factor of approximately 28.

From sampling site X17, the concentrations of HFPO-DA
decreased to levels similar to the European sampling sites R2
and R19. In general, ZPFASs concentrations declined steadily
toward Laizhou Bay due to dilution with fresh seawater. The
concentrations are, however, significantly higher than before
the point source input. Because Laizhou Bay is a fishing area
and home to numerous macrobenthic species,”® the impact of
the PFASs pollution from the Xiaoqing River can be considered
harmful to the aquatic life. However, there are no official limits
on the amount of PFASs in surface water. In Germany, for
example, it is the task of individual states to establish limits for
levels of PFASs in surface water. As mentioned previously, the
North-Rhine-Westphalia State Environment Agency set a
guideline limit of 1 ug/L for the sum of 10 PFASs in
discharged wastewater.”’ This guideline limit was exceeded in
72% of the Chinese samples. Some German states, such as
Bavaria, evaluate their surface waters based on the PNEC
(Predicted-No-Effect-Concentration), which represents the
concentration of a chemical which has no predicted effect on
species in the environment.* The PNEC, g is only available
for PEOA (570 ug/L)** and PFOS (0.05 ug/L)," because
necessary toxicity data for the individual PFASs in different
aquatic species is limited. The PNEC,y for PFOA was
marginally exceeded in sample X10 from the Dongzhulong
River.

Comparison of PFASs Distribution Patterns between
European and Chinese River/Estuary Systems. Figure 4
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Figure 4. Average contribution of individual PFASs to PFASs in the
Lower Elbe (T1—T7 and E19—E21), Weser (T16—T19), Ems (S5—
S6 and R21—R22), Rhine (R2), Rhine (R3—R13), Scheur (R19),
Xiaoqing River before the point source (X1—X7), Dongzhulong near
the point source (X10), and in the Xiaoging River behind the point
source (X11—X12 and X14—X29).

illustrates the distribution patterns of PFASs, which was
examined on a proportional basis, highlighting the significant
differences between the river/estuary systems. Comparing the
Elbe, Weser, and Ems Rivers as discharging rivers into the
North Sea, the distribution pattern is characterized by a variety
of legacy perfluoroalkyl compounds, assuming that the
pollution is caused by diffuse sources rather than by point
sources. In contrast, we observed two point sources along the
Rhine River as well as in the Rhine-Meuse delta, where the
fluorinated alternative HFPO-DA was the dominant compound
with percentages of 77% and 70%, respectively, and
concentrations 16 or 12 times higher than concentrations of
its predecessor substance PFOA. In Germany and The
Netherlands, we did not observe a current industrial discharge
source of PFOA; however, driven by concerns around the use
of long-chain and possibly short-chain PFASs, industry seems
to respond by using replacement substances like HFPO-DA.
Along the Dongzhulong River, we observed a high rate of
industrial discharge of PFASs in general and PFOA in particular
probably due to both the strong demand for PFASs-based
products and the outsourcing of a large part of the
fluoropolymer industry to China in response to actual and
pending regulations in Europe. The worldwide demand for
high-quality PTFE products still results in high emissions of
PFOA at fluoropolymer manufacturing sites. However, its
replacement substance HFPO-DA was detected in concen-
trations up to 42 times greater in China than in Germany and
The Netherlands. Along the Dongzhulong and Xiaoging Rivers,
we observed an increase in concentrations of 490 and 644
times, respectively. Hence, as HFPO-DA is environmentally
persistent and chemically stable, its detection in the aquatic
environments of both Europe and China is of concern.
Moreover, HFPO-DA has similar physicochemical properties
(high water solubility and low pK,) and similar long-range
transport potential indicators (characteristic travel distance
CTD and overall persistence P,,) to those of PFOA or its
dissociated anionic form, indicating that they may have the
same ability to be transported from the river/estuary systems
and coastal regions to remote areas via ocean currents.”> In
addition, specific target organ toxicity can occur under
prolonged or repeated exposure, suggesting a similar mode of
toxic action as of PFOA."” The structural similarity to PEOA
also implies that HFPO-DA cannot be metabolized in biota and
may have a similar high affinity to proteins, resulting in a
potential for bioaccumulation.* However, future studies are
necessary to fully understand the fate and behavior of HFPO-
DA in the environment.
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