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Abstract Continuous monitoring of chemicals in the envi-
ronment is important to control their fate and to protect human
health, flora, and fauna. Perfluoroalkyl acids (PFAAs) have
been detected frequently in different environmental compart-
ments during the last 15 years and have drawn much attention
because of their environmental persistence, omnipresence,
and bioaccumulation potential. Water is an important source
of their transport. In the present study, distributions of PFAAs
in river water, wastewater treatment plant (WWTP) effluent,
and tap water from eastern part of Germany and western part
of Kenya were investigated. Eleven perfluorocarboxylic acids
(PFCAs) and five perfluorosulfonic acids (PFSAs) were ana-
lyzed using liquid chromatography/tandem mass spectrome-
try. Sum of mean concentrations of eight PFAAs detected in
drinking tap water from Leipzig was 11.5 ng L™', dominated
by perfluorooctanoic acid (PFOA, 6.2 ng L™"). Sums of mean
riverine concentrations of PFAAs detected in Pleifle/White
Elster, Saale, and Elbe (Germany) were 24.8, 54.3, and
26.8 ng L', respectively. Annual flux of PFAAs from River
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Saale was estimated to be 164 +23 kg a . The effluent of
WWTP in Halle was found to contain four times higher levels
of PFAAs than river water and was dominated by
perfluorobutane sulfonate (PFBS) with 32 times higher con-
centration than the riverine level. It advocates that WWTPs
are the point source of contaminating water bodies with
PFAAs, and short-chain PFAAs are substituting long-chain
homologues. Sums of mean riverine concentrations of
PFAAs in Sosiani (Kenya) in samples from sparsely populated
and densely populated areas were 58.8 and 109.4 ng L,
respectively, indicating that population directly affected the
emissions of PFAAs to surface waters. The discussion in-
cludes thorough review and comparison of recently published
literature reporting occurrence of PFAAs in aqueous matrices.

Keywords Perfluoroalkyl acids - Chemicals’ fate - Water
pollution - Wastewater treatment plant effluent - Tap water -
Surface water - Germany - Kenya

Introduction

Perfluoroalkyl acids (PFAAs) are aliphatic acids in which all
the hydrogen atoms bound to carbon chain are substituted
with fluorine atoms in such a manner that they consist of a
perfluoroalkyl moiety (C,F,, . ;—) in addition to the acid func-
tional group such as —COOH (perfluoroalkyl carboxylic acid,
PFCA) or —SO;H (perfluoroalkane sulfonic acid, PFSA)
(Buck et al. 2011; Cousins 2013). Because of unrivalled char-
acteristics such as hydrophobicity, oleophobicity, great chem-
ical and thermal stability, and surface activity, PFAAs and
their precursors have been used in several products such as
nonstick cookware, cosmetics, varnishes, lubricants, fire ex-
tinguishers, and coatings of paper, textiles, carpets, and leather
(Kissa 2001; Buck et al. 2011; Cousins 2013). Thousands of
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tons of PFAAs and their precursors have been produced in
North America, Europe, China, and Japan, and alarming
amounts have been released to the environment via direct
and indirect sources (Prevedouros et al. 2006; Paul
et al. 2009).

In 2001, reports of widespread presence of PFAAs in hu-
man blood (Hansen et al. 2001) and wildlife even in fewer
urbanized locations such as the Arctic and the North Pacific
Oceans (Giesy and Kannan 2001) have raised the level of
awareness about PFAAs. Since then, scientists have assidu-
ously studied the environmental fate and toxicity of these sub-
stances. PFAAs with 8-carbon atoms, i.e., perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA), are
the most widely studied PFAAs because of their omnipres-
ence, persistence, bioaccumulation potential, and toxicologi-
cal effects (Perkola and Sainio 2013), and both are important
components of “exposome” (Wild 2005). PFOS and its salts
have been included in the annex B of Stockholm Convention
on persistent organic pollutants (UNEP 2009), and major pro-
ducers such as 3M have stopped its production (USEPA
2000). However, manufacturing of PFOS and its precursors
is still going on in some parts of the world (Xie et al. 2013;
Chen et al. 2015; Lofstedt Gilljam et al. 2015). PFOA was
planned to be voluntarily eliminated from service until the
end of last year according to the Stewardship program
(USEPA 2006). Even when the production of PFOS and
PFOA is completely stopped, emissions from products may
continue for several years (Lindim et al. 2015).

Extensive evidence compels that it is almost impossible to
avoid exposure to PFAAs and their precursors because of their
ubiquitous presence (Miralles-Marco and Harrad 2015).
Dietary intake (Herzke et al. 2013; Vestergren et al. 2013),
drinking water (Eriksson et al. 2013), dust ingestion, and in-
halation (Shoeib et al. 2016) are the major direct exposure
pathways (Zushi et al. 2012). Figure 1 shows in a simplistic
manner how human beings can be exposed to PFAAs. Once
these substances find their way to enter the body, they can

Fig. 1 Perfluoroalkyl acids—
important components of
exposome
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bind with blood protein with estimated half-lives of human
serum elimination to be 3.8 and 5.4 years for PFOA and
PFOS, in that order (Olsen et al. 2007). Levels in humans
are influenced by several factors such as gender, age,
smoking, BMI, race, and ethnicity (Ode et al. 2013). It has
been found that PFAAs can cause hepatotoxicity, carcinoge-
nicity, immunotoxicity, developmental toxicity, and endocrine
disruption (Kjeldsen and Bonefeld-Jorgensen 2013; Long
et al. 2013). The underlying biochemical mechanism of toxic
action of PFAAs is not fully understood, but it may be asso-
ciated with the activation of nuclear receptor peroxisome
proliferator-activated receptor alpha (Lau 2012).

PFAAs draw further attention because several poly- and
perfluoroalkyl substances (PFAS) such as fluorotelomer alco-
hols (FTOH) and perfluorooctane sulfonamide (FOSA) bio-
degrade aerobically to PFAAs (Kerénen et al. 2013; Liu and
Mejia Avendaiio 2013). PFAAs can be frequently detected in
water because of their hydrophilic functional group, low vapor
pressure, and moderate sorption (Paul et al. 2009). It can be
expected that several dozens of omnipresent PFASs may
eventually end up as PFAAs in rivers, streams, lakes, and seas.
Riverine concentrations of PFAAs vary with the flow and
temperature of water, and main sources of their presence in
surface waters are wastewater treatment plants (WWTPs)
(Filipovic and Berger 2015), surface runoff (Perkola and
Sainio 2013), and dry and wet deposition (Rayne et al.
2009). Several authors have reported the surface water con-
centrations of PFAAs, which vary depending on several fac-
tors such as sampling location, season, industrial growth status
of the country, ongoing manufacturing practices, human
population, and their wealth status (local gross domestic
product (GDP) (Lindim et al. 2015): for instance, recently
reported riverine concentrations of PFASs (XPFAS) in
Germany are 7.9-18 ng L™ during summer and 4.1-249
ng L' during winter (Zhao et al. 2014), while in China
12.8-9540 ng L' during summer and 1.77-2180 ng L'
during winter (Zhu et al. 2015). Other examples are: India
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1.79-18.65 ng L' (Sharma et al. 2016), Italy 1-2886 ng
L' (Valsecchi et al. 2015), Japan 49.20-260.90 ng L'
(Niisoe et al. 2015), Kenya 0.4-109.63 ng L' (Orata
et al. 2009), Korea 1.17-40.63 ng L' (Lam et al. 2014),
Spain 49.20-260.90 ng L' (Lorenzo et al. 2016), and
Vietnam 1-17 ng L' (Duong et al. 2015).

Domestic and industrial WWTPs play a major role in con-
taminating surface waters with PFAAs (Oliaei et al. 2013).
Higher levels of perfluorobutane sulfonic acid (PFBS),
PFOS, and PFOA can be frequently detected in WWTP efflu-
ents compared to influents because of widespread presence of
PFAA precursors in incoming waste streams and subsequently
their microbial degradation during treatment processes (Liu
and Mejia Avendafio 2013). PFAAs in WWTPs are either
from ongoing primary emissions or because of their recircu-
lation. Filipovic and Berger (2015) found that tap water is an
important source of PFAA recirculation and contributed more
than 40 % of PFSAs and 30 % of PFCAs to WWTP influents.
It is, therefore, necessary to distinguish between actual emis-
sions and recirculation, especially when elevated levels of
PFAAs are observed in tap water. Importance of tap water
increases further as it is a main drinking water source in many
countries. Regular use of drinking water even with low levels
of PFAAs can considerably increase total human exposure
with a serum/drinking water ratio of approximately 100:1
(Postetal. 2012). Situation worsens dramatically when infants
are fed on milk from mothers drinking contaminated water or
with the formula prepared with contaminated water because
so-called low levels may not be pernicious for adults but can
retard growth in toddlers. Because of the reasons given, con-
tinuous monitoring of PFA As, especially effluent of WWTPs,
rivers, and drinking water, is obligatory for controlling and
managing their transport behavior and associated risks to hu-
man health and environment (DWI 2009; UNEP 2009; EU
Directive 2013; USEPA SNUR 2015; CEPA 2016).

In the present study, different aqueous samples have been
analyzed to measure the concentrations of 11 PFCAs and 5
PFSAs using UHPLC-MS/MS. Tap water has been collected
only from one location in Leipzig (Germany) and therefore
may not be considered to represent the quality of tap water in
the whole city. Two locations have been selected in Leipzig
(Germany) to collect surface water samples, one at River
Pleille (a right tributary of the River Weille Elster or White
Elster) and the other at River White Elster, which is a right
tributary of the River Saale and eventually flows into it in
Halle. Samples were taken from River Saale in Halle
(Germany), which is a left-bank tributary of the River Elbe.
More samples were collected from an effluent of municipal
wastewater treatment plant (Halle). Additionally, water sam-
ples were supplied from River Sosiani running through the
town of Eldoret in Kenya. To our best knowledge, limited
information is available regarding the occurrence of PFAAs
in surface waters of areas mentioned above. Further samples

were grabbed from River Elbe close to the border of
Czech Republic. A 500-mL water sample from 1J,
Amsterdam (Netherlands) was provided by IVM Institute of
Environmental Studies during sixth inter-laboratory study
(van der Veen et al. 2014).

Materials and methods
Chemicals, reagents, and standards

Standard solutions of PFAAs (2 g mL ™) and mass-labeled
standards (50 pg mL™") in methanol were provided by
Wellington Laboratories Inc., Canada. Methanol
(LiChrosolv®), acetonitrile (LiChrosolv®), formic acid
(Emsure®, 98-100 %), ammonium acetate (Emsure®, ACS
Reag.), and HPLC grade water (LiChrosolv®) were purchased
from Merck, Germany. Thomas Geyer GmbH & Co. KG and
Riedel-de Haén, Germany provided acetone (99.8 %) and am-
monia (25 %), respectively. PFAAs were quantified using the
internal standard method. Standard solutions were prepared
with successive dilution of stock solution of PFAAs by adding
a methanol/water (60:40) mixture to it following addition of
mass-labeled internal standards making total volume of the
solution 200 pL in suitable LC plastic vials with plastic caps.
Calibration was performed prior to analysis of samples and
continuously checked during the analysis. In addition to cali-
bration standards and samples, laboratory reagent blank
(LRB) and field reagent blank (FRB) were analyzed. LRBs
were prepared using double-distilled water and were analyzed
like real samples. FRBs were made of double-distilled water
placed in plastic containers and were treated as samples in all
respects, including transport and exposure to sampling site,
storage, and analysis.

Surface water samples

Surface water samples were collected in thoroughly washed
and dried high-density polyethylene (HDPE) bottles from sev-
eral locations. Methanol (5 mL) and mass-labeled surrogates
were added to each bottle. Prior to collect sample, bottles were
washed three times with sampling water. Temperature and pH
of water were noted at the sampling site. Bottles were closed
tightly, placed in an icebox, and transferred to the laboratory
where they were stored at 4 °C in refrigerator (Shoemaker
et al. 2009). It is recommended that water samples should be
extracted within 14 days and extracts should be analyzed with-
in 28 days after extraction (Shoemaker et al. 2009).
Furthermore, recovery measurements and method validation
were carried out using laboratory fortified blank (LFB), pre-
pared by spiking double-distilled water with PFAAs
(25 ng L™). Details of all the sampling sites and their coordi-
nates are shown in Fig. 2. In short, ten samples each from two
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I

Samples n Geographic Coordinates
[Tap Water, Leipzig 2 51.352717 12.430878
|White Elster, Leipzig 4 51.324169 12.357412 é%:rj
PleiRe, Leipzig 2 51.315209 12.358123
Elbe, Bad Schandau 2 50.920966 14.140406
[Saale, Site A, Halle 10 51.512487 11.954044
Saale, Site B, Halle 10 51.583722 11.788806
WWTP Effluent 10 51.524583 11.920419
[Sosiani, Site A, Kenya 6 0.551833 35.213476
[Sosiani, Site B, Kenya 2 0.514817 35.256137
[Sosiani, Site C, Kenya 2 0.512793 35.276148
Ij, Netherlands 1 6" ILS Study

HR-XAW columns
(150 mg, 6 mL)

(e

A: 5 mmol L-' ammonium acetate
B: 0.05% acetic acid in methanol

Fig. 2 Different steps involved in analysis of PFAAs. Table contains details of the sampling sites, number of samples 7, and geographic coordinates of

sampling locations. Further details are in Electronic Supplementary Material

different locations at River Saale, Germany, ten samples from
an effluent of a treatment plant in Halle, Germany, two to six
samples from three separate locations at River Sosiani, Kenya,
two to four samples from River Elster and Pleife in Leipzig,
Germany, two samples from a location at River Elbe, and two
tap water samples from our department were collected and an-
alyzed at the start of 2015. Additionally, IVM Institute for
Environmental Studies provided water sample from 1J,
Amsterdam during sixth inter-laboratory study at the
end of 2013.

Solid phase extraction (SPE)

Water samples (500 mL) were passed through
Chromabond® HR-XAW columns (150 mg, 6 mL) with-
out filtration. Conditioning, washing, and elution were
carried out following DIN 38407-42 (2011) standard
method with some modifications. SPE cartridge was con-
ditioned with 1 % ammonia in methanol (5 mL) followed
by methanol (5 mL) and finally twice with double-
distilled water (5 mL). As soon as the water passed
through, sample was loaded in the cartridge using a vac-
uum pump at a flow rate of approximately 5-10 mL
min~'. Afterwards, sample bottle was washed with
10 mL double-distilled water, which was transferred into
the cartridge. In the end, cartridge was washed with
double-distilled water (5 mL), acetone/acetonitrile/formic
acid (50:50:1, 5 mL), and methanol (2 mL) in that order.
The pump was kept on for 15 min to further remove
liquid out of the cartridge completely. Afterwards,

@ Springer

PFAAs were eluted with methanol (2 mL), 1 % ammonia
in methanol (4 mL), and methanol (4 mL) in that order at
a slow flow rate (2-3 mL min ') in thoroughly washed
plastic tubes. The extracts were evaporated to reduce vol-
ume under a gentle stream of nitrogen in heated water
bath (40 °C). Methanol/water (60:40) mixture was added
to each tube following addition of mass-labeled internal
standards and was vortexed to dissolve PFAAs. Following
that, contents of the tubes were transferred into designated
plastic vials with plastic caps, which were placed in the
LC autosampler in proper order together with blanks and
calibration standards.

Analysis with UHPLC-MS/MS

UHPLC-MS/MS analysis was performed with Agilent 1290
system equipped with binary pump SL 1200 and triple quad-
rupole MS 6460 in negative ESI mode using multiple reaction
monitoring (MRM). Ten-microliter solution was injected to a
column (Zorbax Eclipse XDB-C18 Rapid Resolution 100 mm,
1.8 um) at 30 °C. Mobile phase was 5 mmol L' ammonium
acetate in HPLC grade water (A) and 0.05 % acetic acid in
methanol (B) with a flow rate 0.4 mL min . The mobile phase
was kept at 30 % of B in start for 2 min followed by gradual
change to 90 % of B in next 2 min, held at this point for a
minute, and eventually sharply back to initial state (30 % B) in
the end. Before analysis of samples, method was optimized,
and parameters such as recovery rates and detection limits were
calculated. Different steps involved in the analysis of PFAAs in
surface water samples are shown in Fig. 2.
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Quality assurance

Plastic apparatus and vials were used throughout the work and
contact with Teflon was avoided as much as practically pos-
sible. Apparatus has been washed rigorously with methanol
and double-distilled water and dried at 70 °C overnight prior
to use. Polypropylene vials and caps were used to prevent
contamination of the sample from PTFE-coated septa.
However, such vials do not reseal completely; therefore, vials
were not used multiple times, and fresh calibration standards
were used each time. Laboratory and field blanks have been
analyzed to confirm the potential background interference. To
reduce background interference, some researchers have used
PFAS isolator columns prior to injector to trap contaminants
in mobile phase and delay their elution (Vestergren
et al. 2013).

Results and discussion

PFAAs are distributed in surface waters all over the world, and
their distribution pattern depends on hydrophobicity or chain
length and the nature and acidity of the acid functional group
(Nordén et al. 2013) as well as industrial and development
status of the area. Perfluoroalkyl chain length is crucial to
define the physicochemical behavior of PFAAs, but its
“phobic” nature makes the polar functional group main culprit
for the widespread presence of PFA As in surface waters. Here,
distribution pattern of 16 PFAAs in different types of water
samples (riverine, effluent, and tap) is evaluated using
UHPLC-MS/MS. Gradient program was optimized to sepa-
rate and quantify 11 PFCAs and 5 PFSAs using standards
composed of linear isomers of PFAAs and mass-labeled inter-
nal standards. Details of the analytical parameters of the cur-
rent investigation of PFAAs in surface waters, precursor and
product ions, retention times, detection limits, and percentage
recoveries for six replicates of 25 ng L™ solutions of PFAAs
are provided in Table 1. Method detection limits (MDL), as
calculated by adding standard deviation of seven replicates of
LRB to concentration of respective PFAAs if any, were in the
range 0.04—1.33 ng L™' for PFCAs and 0.04-0.26 ng L' for
PFSAs. Two transitions for PFSAs were monitored, implying
the most abundant product ion for quantification and the other
for qualification.

Tap water is used for drinking, washing, cooking, and
flushing in many parts of the world and is a potential direct
exposure source of PFAAs to humans. During analysis of tap
water from Leipzig, PFOA (6.2 ng L") was the major PFAA
found among eight other PFAAs and covered 53 % of total
load (XPFAA = 11.5 ng L™"). Other PFAAs found in tap water
were perfluorododecanoic acid (PFDoDA; 1.8 ng L’l), PFBS
(1.3 ng L*I), perfluorohexanoic acid (PFHxA; 0.9 ng Lfl),
perfluorobutanoic acid (PFBA; 0.6 ng Lfl),

perfluorononanoic acid (PFNA; 0.4 ng L"),
perfluorodecanoic acid (PFDA; 0.3 ng L*I), and
perfluoroheptanoic acid (PFHpA; 0.2 ng L™"). PFDoDA was
detected in all samples, LRB, FRB, and HPLC grade water
(1.5 ng L™"), and therefore may be taken as background con-
tamination from an unknown source. Perfluoropentanoic acid
(PFPeA) and perfluorohexane sulfonic acid (PFHxS) were
observed below detection limit, and perfluoroheptane sulfonic
acid (PFHpS), PFOS, perfluorodecane sulfonic acid (PFDS),
perfluoroundecanoic acid (PFUnDA), perfluorotridecanoic
acid (PFTrDA), and perfluorotetradecanoic acid (PFTeDA)
were not detected. A rough comparison between recent distri-
bution profiles of PFAAs in tap water/drinking water samples
from different countries is shown in Fig. 3. Values range from
about 2 ng L' in Faroe Islands to 36 ng L' in Brazil.
Frequently detected PFAAs in drinking water/tap water
around the world are PFBA, PFBS, PFHxA, PFHxS,
PFHpA, PFOA, PFOS, PFNA, and PFDA (Thompson et al.
2011; Eriksson et al. 2013; Filipovic and Berger 2015;
Schwanz et al. 2016; Sharma et al. 2016). General conception
is that bottled water is safer than tap water; however, in a
recent investigation by Schwanz et al. (2016), PFAAs were
frequently detected in bottled waters from France (XPFAA =
14.9 ng L"), Spain (SPFAA=11.3 ng L"), and Brazil
(XPFAA =15.0 ng L") and one sample from France went
beyond 100 ng L. Dopants used in manufacturing of PET
water bottles as hypothesized by the authors and contaminated
source water for manufacturing bottled water can be respon-
sible for the presence of PFAAs as PTFE plumber tapes are
frequently used in sealing pipe threads.

Although the concentrations of PFA As in drinking water in
most parts of the world (roughly 1015 ng L") are well below
the threshold levels (for instance, 200 ng L~ for PFOS,
300 ng L' for PFOA), continued exposure to even relatively
low concentrations can considerably increase total human ex-
posure with a serum to drinking water ratio of about 100:1 (for
PFOA) (Post et al. 2012). For example, for background serum
level of about 4 ng mL™", use of drinking water containing
10 ng L' PFOA is expected to increase mean serum levels by
about 25 % (Post et al. 2012). Recently, relationship between
blood levels of residents of Bochum and Duisburg,
Germany and use of drinking water contaminated with
PFAAs is studied (Wilhelm et al. 2015). Authors conclud-
ed that the PFOA plasma levels in children were in coher-
ence with the consumption of tap water, and it contributed
significantly to blood plasma concentrations of PFAAs
even at relatively low exposure levels. Unfortunately, con-
ventional water treatment processes are unable to remove
PFAAs completely. Coagulation, flocculation, sedimenta-
tion, and chlorination are not useful against PFAAs.
Biodegradation and oxidation may turn out to be counter-
productive and may degrade precursors to corresponding
PFAAs, thus increasing total load of PFAAs in the finished
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Table 1  Analytical parameters
Perfluoroalkyl substance PFAA Molecular mass  Precursor ion Product ion Retention time (min) MDL (ng LY Recovery (%)
(gmol ™) (m/z) (m/7)
Perfluorobutanoic acid PFBA 214.04 213 169 1.87 0.29 90.25 (+5.08)
Perfluoropentanoic acid PFPeA 264.05 263 219 3.04 0.81 97.29 (+7.64)
Perfluorobutane sulfonic acid PFBS 300.10 299 80, 99 3.23 0.16 104.16 (+4.29)
Perfluorohexanoic acid PFHxA 314.05 313 269 3.92 0.56 96.96 (£9.23)
Perfluoroheptanoic acid PFHpA 364.07 363 319 4.81 0.17 105.65 (£3.58)
Perfluorohexane sulfonic acid ~ PFHxS 400.12 399 80, 99 4.89 0.11 102.25 (£9.05)
Perfluorooctanoic acid PFOA 414.07 413 369 5.46 1.21 107.67 (£15.48)
Perfluoroheptane sulfonic acid PFHpS 450.12 449 80, 99 5.46 0.04 98.97 (+6.70)
Perfluorononanoic acid PENA 464.08 463 419 5.66 0.07 102.89 (£7.29)
Perfluorooctane sulfonic acid ~ PFOS 500.13 499 80, 99 5.66 0.26 106.59 (+£6.89)
Perfluorodecanoic acid PFDA 514.08 513 469 5.79 0.16 106.59 (+4.82)
Perfluoroundecanoic acid PFUnDA  564.09 563 519 5.88 0.24 94.79 (£9.47)
Perfluorodecane sulfonic acid ~ PFDS 600.15 599 80, 99 5.86 0.19 76.61 (£3.30)
Perfluorododecanoic acid PFDoDA  614.10 613 569 597 1.33 84.72 (£14.09)
Perfluorotridecanoic acid PFTrDA  664.11 663 619 6.06 0.04 56.47 (+10.89)
Perfluorotetradecanoic acid PFTeDA  714.11 713 669 6.18 0.12 43.45 (£9.66)

waters (Ye et al. 2014; Rahman et al. 2014). Granular ac-
tivated carbon, nano-filtration, and reverse osmosis are ef-
ficacious against most PFAAs, but removal capabilities

decrease in case of short-chain homologues. Anion ex-
changers are exceptionally useful for removal of PFAAs,
but the process may not be cost-effective (Rahman et al.

PFBS PEHxA PFDoDA _PFBA PFNA PFOS
5% ’ A 5% PFDA 16% 5% 5%  PFBS PFOA 7% 27%
0, 11 0
P;‘?S\ , PFHpA 2% ’7 , ' PFHxA 11% 1% ‘ —
o 18% PFNA = 8% PFHXS — 19,
PFDA ' a% \PFZH/pA w
0,
AW " e VR
PFOS PFHpS 11% 10% PFHxA PFBA

10%

| ZPFAA: ~32.80 ng L™
Multiple Cities, France

g IPFAA: ~11.54 ng L™
Leipzig, Germany

PFBA
PFOS e o
L w2
oy ' prPon T
PFNA % £ /,,ﬁ[\" 2y o
2% \ Pgas TN Ref ¥
PFOA__—— ‘\ PFHXA '\
10% PFHxS = *_PFHpA 9% N
14% 5% 7
1 ZPFAA: ~14.27 ng L~ )
Bromma, Sweden T; y
{ds
PFBS PFHxA
44 1% PFDODA __ 1%
PFDoDA oy
i PFHpA PFURDA .
PFDA 12% 4%
12% \'
5 12%
PFOs W [ PERE: PFOS
13% 12% 20%
“{ ZPFAA: ~ 36.40 ng L~ I"ZPFAA: ~ 21

Porto Alegre, Brazil

Fig. 3 Profile of PFAASs in tap water/drinking water from various loca-
tions: Leipzig, Germany (this study); France; Brazil; Spain (Schwanz
et al. 2016); Australia (Thompson et al. 2011); Faroe Islands (Eriksson
etal. 2013); India (Sharma et al. 2016); and Sweden (Filipovic and Berger
2015). Reference for China and USA (Mak et al. 2009). For multiple
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Barcelona, Spain

. 4% 36%

7 ZPFAA: ~2.29ng L™
Kornvatn, Faroe Islands

PFOS
2%

] .PFBA
26%
PFPeA
b 1%
~ PFBS

17%

5 ).
T ZPFAA: ~13.81 ng L™
Ganges Basin, India

_ PFBS PFPeA
6% PFOS /— 14% PFBS
PFHXA 30% ' AL Pl
. 18%
)IPFHxA
PFHpA 6%
1002 “¥-_PFHpA
PFOA 6%
\PFNA % PFOA <_PFHxS
9% 12% 26%
.40 ng L I ZPFAA: ~13.09 ng L

Black Town, Australia

locations, only one has been randomly selected or average values have
been used. The concentration values does not represent drinking water/
tap water quality of the whole country. Numerical data is provided in
Electronic Supplementary Material
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2014). Combination of high-priced multiple strategies such
as activated carbon sorption and high-pressure membranes
may remove PFAAs at treatment facilities, but water com-
ing out of consumer’s tap may not be the same because of
PTFE in the plumbing system.

Investigation of riverine levels of PFAAs is useful to study
their transport behavior. In Fig. 4, distribution profiles of
PFAAs in samples from River Pleife, Elster, Saale, and Elbe
in Germany and River Sosiani in Kenya are shown.
Distribution profiles of PFAAs of the rivers in eastern
Germany are similar in terms of analytes detected but with a
variable order of concentration levels of individual homo-
logues. PFOA was the dominating PFAA in Pleile/White
Elster and Saale and covers 56 % (13.9 ng L") and 39 %
(20.9 ng L") of total load 24.8 and 54.3 ng L™' (XPFAA),
in that order. Other PFAAs in Pleile/White Elster were PFDA
(5.0 ng L"), PEFNA (1.3 ng L"), PFBS (1.2 ng L"), PFOS
(1.0 ng L"), PFHXA (0.9 ng L"), PFUnDA (0.4 ng L™,
PFBA (0.4 ng L"), PFHxS (0.4 ng L"), and PFHpA
(0.3 ng LY. However, the order of PFAAs in terms of con-
centration levels in Saale was PFDoDA (8.3 ng L"), PFBS
(7.5 ng L"), PFHXA (4.0 ng L"), PFNA (3.7 ng L"),
PFUNnDA (3.1 ng L"), PFDA (2.2 ng L"), PFOS (2.2 ng
L"), PFPeA (1.0 ng L"), PFHpA (0.9 ng L"), and PFBA
(0.5 ng Lfl). PFHpS, PFDS, PFTrDA, and PFTeDA were not
detected in any sample. Unexpected levels of PFDoDA and

PFUnDA were observed in samples from Elbe, Bad
Schandau, which can be attributed to localized contamination
on sampling day. Descending order of PFAAs in terms of
concentration levels in Elbe was PFDoDA (6.8 ng L,
PFBS (4.3 ng L"), PFUnDA (3.7 ng L"), PFDA (2.8 ng
LY, PFBA (2.6 ng L"), PFOA (2.4 ng L"), PFHxA
(1.5 ng L"), PFPeA (1.0 ng L"), PFNA (0.9 ng L"),
PFHxS (0.6 ng L"), and PFHpA (0.2 ng L™"). Dufkova
et al. (2012) have observed considerable levels of PFDoDA
(4-14 ng L") and PFUnDA (3-7 ng L") during analysis of
PFAAs in samples from Vltava and Elbe in Czech Republic
using solid phase extraction followed by analysis with gas
chromatograph coupled with mass spectrometer in negative
chemical ionization mode (SPE-GC-NCI-MS). As the sam-
pling site in the present study was very close to the border of
Czech Republic where Elbe enters Germany, it can be as-
sumed that these long-chain analytes may travel with Elbe
from Czech Republic into Germany. On the other hand,
Zhao et al. (2014) have observed fairly low levels of
PFUnDA in Elbe eventually entering North Sea, whereas
PFDoDA was not reported. These observations are in accor-
dance with the physicochemical behavior of PFAAs as
partitioning of PFAAs from water phase to sediments in-
creases and solubility decreases with increasing chain length.
This suggests that PFUnDA and PFDoDA [log Koc=4.73
and 5.01, respectively (Chen et al. 2015)] may be present in

PFBA PFBS PFBA PFPeA PFHXA PFHpA _PFHxS
PFUNDA__ 2% 5% PT:A,XA 2% PEBS 6% 1% 2% PENA
14% . 3%
PFDoDA "
PFUNDA 15 PFHXA
6% % y 4
PFDA . ‘
2%  — PT:/..e_AV
pFPs : PFUI\DA
% PFHpA 5
PFNA' 2% /
7%
> PFDoDA
g 25%
£
© ZPFAA:24.84ng L1 ZPFAA: 54.30 ng L1 ZPFAA: 26.80ng L~
o PleiRe/ White Elster, Leipzig Saale, Halle Elbe, Bad Schandau
PFBA_ PFPeA _PFHxA PFHXA
1% Pﬁf/eA 29, PF?A
S PFDoDA ° %
5 29%
4
PFDODA A :
40% “.io =
PFUNDA
PFUNDA 15%

- 18%

ZPFAA: 58.83 ng L'
Sosiani, Kenya

ZPFAA:109.36 ng L~
Sosiani, Kenya

Fig.4 Profile of PFAAs in surface water samples from Germany (Pleile/White Elster, Leipzig; Saale, Halle; Elbe, Bad Schandau) and Kenya [Sosiani,
Eldoret (less populated area and populated area)]. Numerical data is provided in Electronic Supplementary Material
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Elbe earlier but may end up in sediments and soils on their
way to North Sea. On the other hand, relatively shorter chain
homologues flow with the river into sea.

Annual mass flows of individual PFAAs from Saale into
Elbe were calculated using data from the present study and
information about water discharge provided by Flood and
Water Management, Saxony Anhalt (LHW 2015). Annual
discharge of PFAAs from Saale into Elbe was estimated to
be 164 +23 kg afl, whereas annual discharge of PFAAs from
Elbe into North Sea calculated by Zhao et al. (2014) was 335
+100 kg a”'. Annual discharges of individual PFAAs from
Saale (compared with discharges from Elbe into North Sea
calculated by Zhao et al. (2014), in descending order) were
PFOA 63+24 (83+36), PFDoDA 25+ 1 (not reported),
PFBS 23 £8 (69 +£46), PFHXA 12+ 1 (71+37), PFNA 11+
12 (7+4), PFUnDA 10+1 (0.7+1.3), PFDA 7+1 (8 £ 11),
PFOS 7+4 (35+14), PFPeA 3+1 (31+18), PFHpA 3+1
(not reported), and PFBA 1+ 1 (29+35) in kilograms per
annum (kg al). During three different sampling campaigns
from 2006 to 2011, a decrease in concentration levels of PFOS
and an increase in PFBS were observed in River Elbe (Ahrens
et al. 2009b; Ahrens et al. 2009a; Zhao et al. 2014), because
PFOS has been replaced with PFBS in industrial applications
and products. However, low concentration levels of PFOS
could still be observed despite restrictions on PFOS in
Germany might be arising from environmental recirculation
(Filipovic and Berger 2015) or from sources which were used
several years ago but are still present because of resistance of
PFOS to degradation.

River Sosiani is a stony river in Eldoret, Kenya and is a
main source of water supply in town but is drying up because
of excessive pollution. Environmentalists fear that the cutting
down of trees and industrial discharge will dry out the river
which is already 60 % dried up and is considered “dead,”
severely deprived of aquatic life (AllAfrica.com 2013). The
distribution profile of PFAAs in Sosiani is different from both
Saale and Elbe and is dominated by long-chain PFCAs.
Samples from the sparsely populated area were less contami-
nated (ZPFAA = 58.8 ng L") in comparison to samples from
densely populated area (ZPFAA =109.4 ng L ™), but profile
of PFAAs in terms of analytes detected was similar. Eldoret is
an important city in western Kenya with approximately
300,000 inhabitants. Population is an important parameter to
estimate emissions of PFAAs in surface waters along with
others such as local GDP and emissions from WWTPs, and
it has a considerable impact on PFAA’s loads in surface waters
(Lindim et al. 2015). Descending order of concentration levels
of PFA As in Sosiani in sparsely populated area was PFDoDA
(23.3ng L"), PFDA (10.8 ng L"), PFUnDA (10.5 ng L"),
PFNA (8.6 ng L"), PFOA (1.6 ng L"), PFPeA (1.3 ng L ™),
PFHxA (1.3ng L"), PFBA (0.6 ng L"), PFHpA (0.4ng L ™),
and traces of PFHxS and PFTrDA. On the other hand, similar
analytes were detected in samples from populated area but
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with higher concentrations, such as PFDoDA (31.6 ng L),
PFNA (25.9 ng L"), PFDA (21.6 ng L"), PFUnDA
(15.9 ng L"), PFOA (8.8 ng L"), PFHXA (2.5 ng L),
PFPeA (1.3 ng L"), PFHpA (1.0 ng L"), PFBA (0.7 ng
Lfl), and traces of PFTrDA. Some years ago, Orata et al.
(2009) reported presence of PFOS (0.4-13.2 ng L") and
PFOA (0.4-11.7 ng L") in Lake Victoria, Kenya suggesting
domestic and industrial discharge as the main point source of
contamination. Recently, Chirikona et al. (2015) found that
discharge from hospitals contributed significant amounts of
PFAAs to water systems in Lake Victoria Basin, and long-
chain PFAAs were dominant.

The sample from sixth inter-laboratory study (ILS) was
analyzed after a year that led to erroneous results possibly
because of sorption of PFAAs to container walls. Shoemaker
etal. (2009) have recommended that the water samples for the
analysis of PFA As should be stored at 6 °C or below but not to
be frozen and not for more than 14 days. In the present case,
the sample was not opened or unsealed and was placed in
refrigerator at 4 °C but for a year. Concentration levels of
PFCAs fell down by 55 % and PFSAs by 80 % as compared
to statistically assigned values by the sample providers (van
der Veen et al. 2014). It advocates that the concentrations of
PFAAs in samples stored over a long period would be errone-
ous. However, distribution profile of PFAAs in surface water
sample from 1J, Amsterdam is typically dominated by PFOA,
PFOS, PFBS, and PFBA.

Potential environmental and toxicological impacts of long-
chain PFAAs have led to phase out the production of PFOS
and its precursors in 2002, followed by inclusion in the list of
persistent organic pollutants and tighter regulation of its pro-
duction and use. PFBS has taken over PFOS in many coun-
tries. Similarly, use of PFOA was expected to diminish until
2015, and in some parts of the world, PFOA is being replaced
with PFBA. A graph is plotted to look into comparative emis-
sion levels of PFBS against PFOS and PFBA against PFOA in
surface water samples from different parts of the world, sam-
pled, and analyzed in last 5 years (Fig. 5). Bars are arranged in
chorological order, extreme left being from 2015. It appears
that PFBS is dominating PFOS in most parts of the world
except Ebro, Spain where PFBS was not detected against
minute quantities of PFOS (2.2 ng L™"). However, in fish
samples from Ebro River, PFBS (69 %) was the most abun-
dant PFAA after PFOS (81 %) (Lorenzo et al. 2016). Other
exceptions are Taihu Lake, China (Chen et al. 2015) and Tama
River, Japan (Ye et al. 2014) where PFOS concentrations were
significantly higher than PFBS. Taihu Lake is in Eastern
China and covers densely populated and industrialized re-
gions. Tama River is one of the major rivers in Japan and
50 % of the river comes from effluents of treatment plants,
which convert precursors to corresponding PFAAs during
chemical oxidation. On the other hand, PFBA is catching up
on PFOA but a comparison of relative distribution of both in
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Fig. 5 PFBA vs PFOA and PFBS vs PFOS in surface waters during last
5 years. Pleile/White Elster, Saale, and Elbe, Germany and Sosiani,
Kenya (this study); Ganges, India (Sharma et al. 2016); Xiaoqing,
China (Shi et al. 2015); 1J, Netherlands (van der Veen et al. 2014);
Arno and Po, Italy (Valsecchi et al. 2015); Tama, Japan (Ye et al.

surface water samples suggests that primary emissions of
PFOA are still taking place in addition to environmental recir-
culation (Fig. 5). Other than sampling locations of current
study, PFOA dominated PFBA at many other locations in-
cluding Weser and Elbe (Germany), Xiaoqing (China), Arno
and Po (Italy), and Tama River (Japan). PFBA levels were not
reported for Liao River (China) with total PFAA load 44.4—
781 ng L' dominated by PFBS (75.7 %) and PFOA (9.9 %)
and Taihu Lake (China) with total PFAA load 17.2-94.4ng L™
! dominated by PFOA (39.8 %), PFHXA (30.1 %), and PFOS
(16.8 %) (Chen et al. 2015). Conversely, PFBA levels were
higher than PFOA in Ganges (India), Daling (China), Ebro,
and Guadalquivir Rivers (Spain). Concentration of PFBA in
ground water was nine times higher than corresponding river
water in India (Sharma et al. 2016), suggesting that short-
chain homologues have more potential to penetrate deeper
and contaminate ground water resources than long-chain ho-
mologues because of smaller soil-water partition coefficients.

Sources of PFAAs in surface waters are generally catego-
rized into point and nonpoint sources. Industrial or municipal
WWTPs are a major point source of PFAAs because of lack-
ing the necessary capabilities to remove peculiar contaminants
like PFA As and biodegrading the precursors to corresponding
PFAAs, thus leaving behind significant levels of PFAAs in
finished waters and increasing the total load of PFAAs in
effluents compared to influents (Ahrens 2011; Ye et al.
2014). During the current investigation, samples were

u PFOA

2014); Liao and Taihu, China (Chen et al. 2015); Elbe and Weser,
Germany (Zhao et al. 2014); Daling, China (Meng et al. 2014);
Guadalquivir and Ebro, Spain (Lorenzo et al. 2016). Numerical data is
provided in Electronic Supplementary Material

collected from the effluent of a wastewater treatment facility
on River Saale in Halle and river water samples were collected
2 km before the point where effluent confluence with the river.
Results are shown in Fig. 6. Total load of PFAAs in effluent
(XPFAA =246.9 ng L") was four times higher than the river
water (XPFAA =59.9 ng L"), which was dominated by
PFOA (26.5 ng L™"). On the other hand, WWTP effluent
was dominated by PFBS (174.2 ng L™"), 32 times higher than
river water (5.5 ng L"). Concentration of PFHXS was five
times higher in effluent, PFBA and PFOS four times higher,
PFUnDA three times higher, and PFHpA, PFNA, and
PFDoDA two times higher than river water. Traces of
PFTrDA and PFTeDA were also detected in the effluent,
which were not detected in river water. Moller et al. (2010)
have reported PFA As with carbon chain length up to 18 atoms
in River Rhine influenced by WWTPs. High concentration of
PFBS in effluent indicates the presence of C4-based sub-
stances as alternatives to C8-based substances.

Ahrens et al. (2009b) have estimated that mass flux of
PFAS from Elbe into North Sea was 802 kg a' in 2006 and
suggested that the levels of PFBS in North Sea were pointing
out towards an additional source of PFBS discharge other than
Elbe into North Sea. Later, Moller et al. (2010) have estimated
that mass flux of PFAS from River Rhine, Meuse, and Scheldt
is around 6 t a~' in 2008, dominated by PFBS 181 ng L' and
PFBA 335 ng L', This suggested that these rivers were bring-
ing larger quantities of PFAAs to the North Sea as compared
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Fig. 6 WWTP effluents as point source of PFAA contamination. Numerical data is provided in Electronic Supplementary Material

to Elbe (7-20 times less), especially PFBS and PFBA (20-100
times higher than Elbe). During these investigations, WWTPs
were pointed out as an important point source of contamina-
tion of surface waters in Germany and presence of
perfluorobutanesulfonamide (FBSA) and perfluoro-
butanesulfonamidoethanol (FBSE) was reported, which have
potential to degrade to PFBS in WWTPs, thus increasing
loads of PFBS in effluents.

In Germany, River Rhine is still the major contributor of
PFASs to North Sea as can be seen from recently reported
emissions (XPFAS =52.4 ng L) while PFBS still dominates
over other PFAAs, constituting 37 % of total load. Elbe’s con-
tribution is less than half of Rhine (XPFAS =21.2 ng LY, and
major PFAAs are PFHxA, PFOA, PFBS, and PFOS
(Heydebreck et al. 2015). During the current investigation,
samples from WWTP effluent were collected in February. In
another investigation to measure the seasonal variation of
PFAAs in Elbe, Zhao et al. (2014) have found elevated levels
of PFBS in February (0.9-238 ng L"), higher than its concen-
tration levels in April (0.2-7.1 ng L, August (1.4-3 ng L,
and October (0.9-1.5 ng L™"). It suggests that when water is at
freezing temperatures during winter, PFBS emitted by the
WWTPs stays in river and travels longer distances with water
than in spring, summer, or autumn when the temperature of
water is higher, which facilitates volatile PFBS to escape to
the atmosphere. However, this needs further investigation.
High levels of PFBS may also be due to the occasional dis-
charges (Zhao et al. 2014). Prevalence of short-chain PFBS in
effluent indicates that the effects of PFOS substitution are vis-
ible in environment. Generally, long-chain PFAAs are
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becoming less common in water than short-chain homologues
because of extensive use of later as alternatives to former.
Economic development and stringent regulations in
Europe have shifted major production of PFAAs to China,
which can been seen in form of elevated levels of PFAAs in
Chinese surface waters, still dominated by PFOA, and rela-
tively lower levels of PFAAs in Europe, dominated by short-
chain homologues. Recently, a new PFAA (possible alterna-
tive of PFOA), namely 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)-propanoic acid (HFPO-DA), has been
detected in Rhine, Germany (Heydebreck et al. 2015). Lack
of information about physicochemical characteristics of al-
ready well-known toxic PFAAs, such as PFOS and PFOA,
presence of PFAAs in form of complicated isomeric mixtures
in environmental compartments, and detection and addition of
new environmentally relevant PFAAs in an already lengthy
list indicates that strenuous efforts are required to understand
the environmental chemistry of PFAAs. Detection of elevated
levels of short-chain homologues in environmental compart-
ments in recent years necessitates that monitoring (Weiss et al.
2015) and risk assessment of these PFAAs should be taken
into consideration, and comprehensive research should be car-
ried out to understand their health effects, transportation, and
fate in different environmental compartments. Global moni-
toring program needs to be established to measure the emis-
sion levels in developing countries where regulations are
weaker than developed countries. It should be noted that the
concentrations of PFAAs in surface waters reported in the
current study represent snapshots for a single day. In the fu-
ture, passive samplers will be used to collect time-integrated
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averages of PFAAs in rivers and detailed investigation of in-
fluents, effluents, and sludge from WWTPs will be carried out
to understand chemistry behind the elevated levels of PFBS in
effluents observed in the present study.

Conclusions

In the present study, aqueous samples from different sites lo-
cated in Germany and Kenya were analyzed to determine
concentrations of 16 PFAAs. PFBA, PFHxA, PFHpA,
PFOA, PFNA, and PFDA were detected in all the samples,
while PFHpS and PFDS were not detected in any sample. Tap
water from Leipzig was dominated by PFOA (6.2 ng L™,
covering more than half of the total load of PFAAs. River
Saale, Pleile, and White Elster were also dominated by
PFOA. Annual flux of PFAAs from Saale was estimated to
be 164 +23 kg a'. River Elbe was dominated by long-chain
PFAAs at Bad Schandau, when it entered Germany, which
was quite different near Hamburg, when it met North Sea
(Zhao et al. 2014), and was dominated by PFBS, PFHxA,
and PFOA. In Halle, WWTP effluent contained four times
higher concentration of PFA As as compared to concentrations
in river water and dominated by PFBS. Long-chain PFAAs
dominated River Sosiani (Kenya) and sums of average con-
centrations were 58.8 and 109.4 ng L' in samples from
sparsely populated and densely populated areas, respectively.
Comparison of samples from different parts of the world sug-
gested that distribution profile of PFAAs varied significantly
from location to location. Moreover, PFBS is surpassing
PFOS in the aquatic matrices in most cases, while PFOA is
still the dominant PFCA. Continuous monitoring and further
investigation of aqueous matrices are required to understand
sources and environmental and health impacts of PFAAs.
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