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Abstract

Perfluoroalkyl acids (PFAAs), especially short chain fluorinated alkyl sulfonates and car-
boxylates, are ubiquitously found in the environment. This paper aims at giving an over-
view of PFAA concentrations found in European surface, groundwaters and drinking
waters and the behavior of these compounds in the drinking water treatment steps.
Main sources of PFAAs to the water environment are municipal and industrial wastewa-
ter treatment plants. Treated landfill leachate also showed to be an important source of
PFAAs to surface waters. Existing data suggest central and south European rivers to
have higher concentrations and mass discharges of PFAAs than Northern European coun-
tries. However, this conclusion might be an artifact due to differences of monitoring acti-
vities in different regions.

High PFAA levels in groundwater are often restricted to some contaminated areas, e.g.,
due to illegal waste deposition on agricultural land or in the vicinity of a fluoropolymer
producing factory. Sites with former fire-fighting activities are also potential “hotspot™
areas. Concentrations encountered in drinking water remain fairly low on average. Typi-
cal concentrations are in the low ng/L with the exception of highly contaminated areas,
like in the rivers Méhne and Ruhr in Germany. The concentrations encountered in drin-
king water depend on the treatment technologies used to purify the water. Drinking
water prepared with activated carbon or reversed osmosis will in general contain lower
concentrations in tap water than in the raw water. However, the efficiency of water treat-
ment depends much on the local boundary conditions.
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2.1 Introduction

Perfluoroalkyl acids (PFAAs; where all hydrogens in the alkyl chain are substituted for
fluorine), in particular short chain perfluoroalkyl sulfonates and carboxylates, are ubiqui-
tously found in the environment. Their persistence, and the bioaccumulative and toxic
properties of some members of this compound class have instigated a considerable
scientific, public and governmental concern and interest (Hekster et al., 2003). PFAAs
are found from the low ng/L to the low pg/L range in different types of environmental
samples, such as surface waters (Skutlarek et al., 2006; McLachlan et al., 2007; Moody
et al., 2002), groundwater (Moody et al., 2003; Murakami et al., 2009a), drinking water
(Ericson et al., 2009; Ericson et al., 2008), sea water (Ahrens et al., 2009a; Yamashita et
al., 2005), sediments (Higgins and Luthy, 2006; Becker et al., 2008), biota (Furdui et al.,
2008; Butt et al., 2008; Dai et al., 2006), food items (Vestergren and Cousins, 2009) and
blood serum (Kannan et al., 2004). This paper reviews the presence of polar PFAAs in
surface waters, groundwater and drinking water in Europe.

Although severe environmental concern arose not until the 1990s, the manufacture and
processing of the diverse classes of fluorochemicals started about 60 years ago. The
role they take in our everyday life has become increasingly important. They are used in
a wide range of products and processes because of their unique properties. Differing
surfactant properties of the various head groups and carbon skeleton chain lengths
make that these surfactants are produced and used in many forms, for example for fluo-
ropolymer synthesis and aqueous film forming foams (AFFFs). Furthermore, derivatives
like esters and sulfonamides are used for leather, paper and textile finishing, as well as
for impregnation of food packaging. It is the specific properties such as water, fat and
dirt repellence, thermal and chemical stability, microbial inertness, and surface tension
lowering that make PFAAs interesting for a multitude of commercial applications (Kissa,
2001).

Recent actions taken by authorities in order to prevent further environmental contamina-
tion have led to several reductions in environmental emissions in the immediate past or
near future. The voluntary initiative launched in 2006 by manufacturing industries to re-
duce emissions of perfluorooctanoic acid (PFOA) to the environment by 95% until 2010
(2000 as baseline year) is one example®. Although involved western industries aim at
stopping PFOA emissions from products or facilities by 2015°, one should be aware that
the phase-out of emissions does not entail global production stop. Recently, perfluo-
rooctane sulfonate (PFOS) has been classified as a persistent organic pollutant (POP) by
the Stockholm convention’. Also a restrictive regulation on the use of PFOS in Europe
has been accepted by the European Parliament in 2006 (EU, 2006). According to the di-
rective industries which cannot operate without PFOS are bound to use the best availa-
ble techniques (BAT) to reduce emissions to the environment (EU, 2006) and consumer
products (semi-finished products or articles) may not contain more than 0.1 wt% of
PFOS. The short-chain perfluorobutane sulfonyl fluoride (PBSF) and its derivatives were
introduced by the 3M Company to replace the Cg homologues (Olsen et al., 2008). The
C4 compounds are less bioaccumulative and toxic, but remain persistent in the environ-
ment. Prevedouros et al. (2006) distinguished two types of sources to the environment:
direct and indirect sources.

Direct sources involve the use of consumer products (e.g. leaching from water and stain

6 U.S. Environmental Protection Agency: 2010/2015 PFOA Stewardship Program. http://www.epa.gov/oppt/pfoa/pubs/stewardship/ (02-02-2011)
7 Stockholm convention on POPs. http://chm.pops.int/Programmes/NewPOPs/ThegnewPOPs/tabid/672/language/en-US/Default.aspx (02-02-2011)
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repellents), manufacture and use of PFAA salts and fluoropolymers (such as polytetra-
fluoro ethylene, PTFE) and especially the use of AFFFs (associated with high levels of
non-branched and branched perfluorohexanoic acid (PFHxA), PFOA, perfluorohexane sul-
fonate (PFHXS), PFOS (Moody et al., 2002 and 2003; Schultz et al., 2004)), and 6:2 fluo-
rotelomer sulfonate (6:2 FTS). In general, the actual discharge into the environment will
occur via industrial or municipal waste water treatment plants (WWTPs) (Sinclair et al.,
2006; Boulanger et al., 2005; Bossi et al., 2008), via direct emission to air, or through
an AFFF (Moody et al., 2002 and 2003) or industrially contaminated area. In summary,
known anthropogenic activities, which can release significant quantities of PFAAs, are in-
dustrial WWTPs (depending on the activities), landfill leachate WWTPs (Eggen et al.,
2010; Bush et al., 2010), (former) AFFF training areas and (former) landfills. These “hot
spots” have been related to elevated surface waters, groundwaters and drinking water
contamination in several areas (see below).

Indirect emissions are caused by atmospheric degradation of precursor compounds. At-
mospheric degradation of precursors is likely the major source of pollution in remote
areas (Ellis et al., 2004; Loewen et al., 2008). Municipal WWTP effluents, and infiltration
of urban runoff and leaching piping (Murakami et al., 2009 a and b) are probably the
major source of diffuse pollution to rivers and groundwater aquifers.

This paper aims at giving an overview of PFAA concentrations found in European surface
waters, groundwaters and drinking waters. Furthermore, an overview of characteristic
sources of PFAAs to the environment is given. Because peer-reviewed literature available
on the presence and behavior of PFAAs in European groundwaters and drinking water is
still scarce some “grey literature” was also included, such as reports and websites of of-
ficial institutions. Where necessary, data from outside Europe were also used to illus-
trate specific contamination examples for which no data exist in Europe.
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2.2 PFAA concentrations in surface waters in Europe

A number of surface waters in Europe have been shown to contain PFAAs as anthropo-
genic trace pollutants (Table 1). Concerning sources of surface water contamination,
WWTPs play an important role. Municipal, industrial (Boulanger et al., 2005; Bossi et al.,
2008; Loganathan et al., 2007) and treated landfill leachate WWTP effluents (Eggen et
al., 2010; Bush et al., 2010) have been proved to discharge PFAAs and to increase envi-
ronmental concentrations in rivers and also in groundwater aquifers (see Chapter 2.3.
“PFAAs concentrations in groundwater”). One study (Pistocchi and Loos, 2009) was able
to correlate the mass-flow of PFOA and PFOS to the number of inhabitants in a water-
shed indicating that municipal WWTPs certainly contribute to PFAAs discharges into the
environment. However, beyond a discharge threshold of PFOA of o.5 tons per year this
relation did not hold anymore. An increased influence of point sources was expected to
be an explanation. PFAA concentrations in the European rivers are discussed in rough
geographical order from North to South.

2.2.1 Northern Europe.
The available reports about PFAAs in Nordic surface waters present relatively low con-
centrations in comparison with the rest of Europe (Table 1). The low population density
and fewer industrial activities in Scandinavian countries compared to central Europe
could explain the lower concentrations found in the North of Europe. One study, in
which Norwegian lake water was analyzed (n = 4), found low concentrations of PFAAs.
PFOA was measured at the highest concentration of 8.2 ng/L and the PFOS concentra-
tion was 0.48 ng/L (Kallenborn et al., 2004). In Swedish rivers and lakes McLachlan et
al. (2007) reported concentrations below 0.36 ng/L for PFHpA, PFOA, and PFOS and Lien
et al. (2006) reported average PFOA and PFOS concentrations of 1.7 and 1.9 ng/L respec-
tively around Orebro (see Table 1).

2.2.2 Central Europe.
The Rhone, Rhine, Danube, and Po rivers have the highest discharges of the European
rivers considered (between 810 and 2200 m3/s at sites sampled for PFAA analyses) and
also high PFAA concentrations, thus generating a considerable mass flux of PFAAs even
at low water contamination levels.
Concentrations of PFAAs in the Rhine river have been monitored extensively in Germany
and in the Netherlands as can be seen in Table 1. Background values for most PFAAs
are in the low ng/L range, i.e. <10 ng/L. Mainly PFBA and PFBS are found in high concen-
trations in the Rhine and PFOA and PFOS in other rivers. Other short chain PFAAs (<C9)
are found to be present but often in low concentrations.
Many of the measurements in the Rhine catchment area are done by AWBR (Association
of Waterworks Lake Constance-Rhine), ARW (Association of Waterworks in the Rhine
River Basin), and RIWA (Association of River Water Supply Companies). The concentrati-
ons reported from the different locations on the Rhine river are discussed below from
the upper Rhine to the lower Rhine including tributaries. For clarity purposes Figure 1
shows the catchment area of the Rhine river with important confluents.
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Figure 1 Catchment area of the river Rhine, tributaries discussed in the text are shown.
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Figure 2 PFBA and PFBS concentrations (in ng/L) in the Rhine river at Diisseldorf (km 732.1) from 2006 to 2010;
data from ARW (2009) and Lange et al (2007a) and complemented with recent data.

PFBS
concentration
In ngiL

Figure 3 PFBS concentrations (in ng/L) across the Rhine river (left and right bank and centre at May 8, 2006)
(Lange et al., 2007a) .

In autumn 2006 a maximum PFBS concentration of 2900 ng/L was measured in the upper
Rhine within a period of about two weeks (Lange et al., 2007a). This high level was a
consequence of a contamination in the Aare river in Switzerland before the confluence
with the Rhine due to a still unknown temporary emission into the Aare catchment area.
At the Dutch-German border at Lobith high concentrations of PFBA and PFBS were obser-
ved in 2008 with average concentrations (monthly grab samples during one year) of 70
and 47 ng/L respectively (RIWA, 2008). It was proved that one WWTP discharging indus-
trial wastewater in the lower Rhine in Germany around Leverkusen was responsible for an
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increase of PFBA and PFBS concentrations from the low ng/L range (<5 ng/L) to 117+40
and 45%+30 ng/L after the WWTP (Méller et al., 2009). The ARW (2009), which reported on
different PFAA concentrations at Mainz, Kéln and Diisseldorf-Flehe, observed the same inc-
rease in concentrations (Figure 2 and Figure 3). Concentrations of PFBA and PFBS in Mainz
and Koln were low throughout the year 2008 (Table 1) whereas mean concentrations in
Diisseldorf-Flehe were 9o and 71 ng/L for PFBA and PFBS, respectively. Earlier analysis in
spring 2006 by Skutlarek et al. (2006) found a PFBS concentration of 15 ng/L in the lower
Rhine around Duisburg, which is situated downstream of Leverkusen. This level was within
the typical range of PFBS concentrations in the Rhine during the sampling period and
much lower compared to the concentrations found by the ARW (2009) and Moller et al
(2009) in 2008. Overall, the concentration of PFBS and PFBA in the lower river Rhine
seems to be relatively high compared to other PFAAs. Especially for PFBS a further inc-
rease can be expected as the short chain PFAAs will be increasingly used in the future.

The fact that the spontaneous PFBS concentration increase downstream of Leverkusen is
caused by a point source can be clearly identified by the distribution of PFBS in the
cross section of the Rhine river (Figure 3), which indicates an emission at the right bank
of the river and a complete mixing across the section further downstream until the Ger-
man/Dutch border at Bimmen/Lobith.

The influence of individual point sources was also indirectly shown at another sampling
site at the river Rhine in Cologne (Figure 4a), where the correlation between the PFOA
and PFOS concentration and the reciprocal river discharge was not significant due to the
influence of numerous point sources. This is contrary to what was observed in the river
Elbe (see Figure 4b).

In North Rhine-Westphalia, Germany, in May 2006 the application of an illegally contami-
nated so-called soil improver on agricultural land was detected and caused the release
of large quantities of PFAAs into the Mdhne catchment area, a tributary of the Ruhr
river. The Ruhr river, which confluences with the Rhine river, became highly contamina-
ted mainly with PFOA and some other PFAAs (Skutlarek et al., 2006). Sampling in the
Rhine downstream of the Ruhr and Rhine confluence showed low PFAA concentrations
(ZPFAAs = 41 ng/L), whereas in samples collected from the river Méhne very high con-
centrations around Heidberg: >PFAAs = 4385 ng/L and around Bestwig SPFAAs =

4268 ng/L were observed. Monitoring at regular time intervals by the local authorities
since 2006 and a sampling campaign in 2008 showed a maximum total PFAA concentra-
tion in the Mdhne just upstream of the confluence with the river Ruhr of 309 ng/L
(PFBA, PFPeA, PFHxA and PFOA dominated) (Méller et al., 2010). This is considerably
lower than the maximum concentrations Skutlarek et al. reported in 2006. Apparently,
PFAA concentrations in surface waters in the river Mdhne catchment are steadily decrea-
sing with time.

Further downstream in the Netherlands, in the Lekkanaal, average (n = 30) annual con-
centrations of PFOA and PFOS were below 30 ng/L for each compound in the period
2006-2009 (RIWA, 2007; 2008; 2009 and 2010) (Figure 5). Linear-regression analysis
shows a significant decreasing PFOS concentration trend over the last three years
(P=0.0198; despite a low r? of 0.179), which is probably due to the PFOS production
stop in 2002.
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Kwadijk et al. (2010) who analyzed surface water samples (n = 21) collected across the
Netherlands observed concentrations between 6.4 and 290 ng/L for PFBS with the highest
concentration measured in the Rhine river at Lobith. This corresponds fairly well to the
measurements performed by AWBR, RIWA and ARW (see above). PFOA was measured be-
tween 6.5 and 43 ng/L and PFOS between 4.7 and 32 ng/L. Measurements performed for
the PERFORCE project (de Voogt et al., 2006) resulted in average concentrations of 19
and 28 ng/L for PFOA and PFOS, respectively, in the Dutch part of the Rhine river, which

Cologne/Rhine

Y =93497x + 4,364
RO=04466

y = 7419 8x + 1,989
0 : : : : : .
0,00E+00 2,00E-04 4,00E-04 6,00E-04 8,00E-04 1,00E-03 1,20E-03

Reciprocal discharge 1/Qin s/m3

Concentration in ngfL

#PFOA < PFOS

Scharfenberg/Elbe

20 -
18
16 v = 1701,5x +2,3603

14 R2 =0,8981
12

10 //

8

6 y =518,19x + 1,0467
4 _RZ=40,8642

2 .
0 T |
0,0000 0,0020 0,0040 0,0060 0,0080

Reciprocal discharge 1/Q in s/m3

*PFOA < PFOS

Concentration in ng/L

Figure 4a PFOA and PFOS concentrations (in ng/L) in the Rhine river at Cologne (km 684 left bank) in 2006
(upper figure) and b in the Elbe river at Scharfenberg (km 76, right bank) in 2006 (lower figure) (DVGW, 2007).
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Figure 5 Concentration of PFOA (in ng/L) in the Rhine river at Lekkanaal (nieuwegein, the Netherlands) sampled
in the period from 2006 to 2008 (based on RIWA 2007, 2008 and 2009).).

corresponds to the findings of Kwadijk et al. (2007). However, locations were not speci-
fied in this report. Other PFAAs measured in the PERFORCE project were reported to be
below the LOQ, which at the time of analysis (2005) were still high (e.g. 23 ng/L for
PFBS).

In the Netherlands a sprinkler installation at the WWTP of Amsterdam Schiphol airport
accidently released large amounts of AFFF containing PFAAs in July 2008. The contami-
nated water was collected, diluted and discharged into a WWTP in the area, which
discharges its effluent into the surrounding ditches and canals. A following monitoring
campaign conducted by the Dutch government showed peak concentrations in the North
Sea canal (location Halfweg) of PFOS of 1300 ng/L which decreased to 100 ng/L after two
months. The PFAA profiles observed in the surrounding surface waters showed a large
contribution of PFOS, PFHxS, and PFBS to 2PFAA, which is typical for AFFF contaminati-
ons (van Leeuwen, 2009).

In the river Elbe at Scharfenberg, downstream of the city of Dresden, Germany, the con-
centrations of PFOA and PFOS (sampled in 2006) correlate fairly well with the reciprocal
river discharge (see Figure 4b). This correlation is a clear indication that the relatively low
concentrations observed in the river are dominated by diffuse sources (DVGW, 2007).
Two further publications report on the concentrations of PFAAs along the Elbe river (Ah-
rens et al., 2009 b and c). The mass flow of PFAAs in the Elbe river is rather low compa-
red to the Rhine and Po rivers as a result of the lower concentrations and the lower river
discharge (£300 m3/s). Predominating substances measured in 2007 were (mean concen-
trations measured along the river Elbe) PFHXA with 3.4 ng/L, PFOA with 7.6 ng/L, PFBS
with 2.3 ng/L and PFOS with 1.6 ng/L (Ahrens et al., 2009 b). A subsequent sampling
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campaign performed a year later revealed the same predominating substances in lower
concentrations except for PFOS, which was higher than in 2006. Its mean concentration
was 6.4 ng/L around Hamburg (Ahrens et al., 2009c). Furthermore, from Figure 4b), which
represents a situation with predominating diffuse PFAAs inputs, PFOS to PFOA ratio of of
3:1 can be deduced, at least for measurements in Germany in 2006. Larger deviations
from this rule of thumb indicate an important contribution of point sources to PFAS pol-
lution.

Such a situation is the high concentrations found in the river Alz in Germany in 2007 in
the vicinity of a fluoropolymer manufacturing facility (Hangen et al., 2010). Surface water
samples® (n=20) showed a maximum total PFAAs concentration of 8ooo ng/L from which
7.500 ng/L were from PFOA. Downstream, in the Inn and Danube concentrations of

100 ng/L and 50 ng/L PFOA were measured, respectively. For groundwater and drinking
water concentrations see the corresponding sections. Loos et al. (2009) found high con-
centrations of PFOA on one occasion in the Krka river in Slovenia (up to 1371 ng/L). Alt-
hough concentrations encountered seemed high, the flow of the river was relatively
small (50 m3/s) compared to the main European rivers. In the Seine river in France PFOA
(McLachlan et al., 2007) and PFOS (Loos et al., 2009) concentrations of 8.9 and 97 ng/L
were measured, respectively.

The mass discharge of PFAAs into European rivers was shown to correlate with the po-
pulation (below a threshold of 0.5 tons per year) of the catchment and thus partly ex-
plain the higher concentrations encountered in populated areas (Pistocchi et al., 2009).
The measured concentrations are usually highly variable in space and time, such as
measured in the Rhine river, making data verification difficult if not impossible.

2.2.3 Southern Europe.
Several studies reported high concentrations of PFOA in the Po river, Italy. Loos et al.
(2008) observed a mean concentration of PFOA of 89 ng/L with a maximum of 337 ng/L
and Mclachlan et al. (2007) reported a mean concentration of 200 ng/L. Recent sam-
pling in the Po watershed showed that several fluoropolymer manufacturing plants loca-
ted around the city of Alessandria and further downstream around the confluence of the
Po and Bormida rivers are the main sources of PFAA pollution (Valsecchi et al., 2009). In
Catalonia, Spain, PFAAs concentrations found in the Ebro, Cortiella, and Francoli rivers
were highest for PFOA (24.9 ng/L) and PFOS (5.9 ng/L), both in the river Francoli (Eric-
son et al., 2008).

2.2.4 Western Europe (United Kingdom).

Following an explosion at the Buncefield oil depot in December 2005, considerate
amounts of fire fighting foams containing PFOS were released to the surrounding surface
waters next to the hazardous site. Monitoring data from the Buncefield area, reported by
the Environment Agency in the United Kingdom (UK)%, show relatively low continuous
concentrations of PFOS in surface waters in the vicinity of the depot area over time after
the accident. Groundwater in the immediate vicinity of the explosion site appeared more
heavily polluted with PFAAs. In 2007 an extensive monitoring program was started to

8 http://www.lfu.bayern.de/analytik_stoffe/analytik_org_stoffe_perfluorierte_chemikalien/index.htm (02.02.2011),
9 http://www.environment-agency.gov.uk/homeandleisure/pollution/water/89141.aspx (02.02.2011),
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asses 19 different drinking water treatment locations (raw water, some treatment steps
and drinking water) throughout England. Locations selected for sampling were typically
areas in the vicinity of an airstrip, industrial area, or known polluted sites (sewage
discharge, Buncefield). This survey reported maximum concentrations of 370 ng/L and
<11 ng/L for PFOA and PFOS, respectively, in surface waters (Atkinson et al., 2008).

2.2.5 Eastern Europe.
A study in Poland reported low concentrations of PFAAs in surface waters in the North
of Poland and the Baltic Sea (Rostkowski et al., 2009). In Southern Poland one sam-
pling location was reported to have average concentrations of 152, 106 and 31 ng/L for
PFOS, PFHxS, and PFHxA, respectively. At the other locations PFAAs were measured
below 18 ng/L including PFBS and PFOA.

2.3 Concentrations of PFAAs in groundwater
Little information is available on background concentrations of PFAAs in European
groundwater or in groundwater from other parts of the world. However, from “grey” lite-
rature it can be concluded that typical sources of groundwater contamination are conta-
minated fertilizers (soil improver or sewage sludge), percolating AFFFs, infiltrating
surface waters (e.g. bank filtrate), and, possibly, leaching landfills or diffuse urban pollu-
tion (leaking sewers and surface runoff). Since the remediation of contaminated soils is
expensive and, generally, hardly any remediation of the sites is performed, leaching of
PFAAs into the environment for a long period of time is likely and should be taken seri-
ously regarding the extent of the contamination at sites severely polluted with PFAAs.
Due to the scarcity of PFAAs data in groundwater aquifers some examples from outside
of Europe are also compiled in this section in order to describe the relevant input
pathways. Groundwater treatment facilities often have a less pronounced multi-barrier
treatment system compared to surface water treatment and adsorption is not a powerful
removal mechanism for short chained PFAAs (see Chapter 3 and 4 of this thesis). There-
fore, PFAAs present in groundwater can travel relatively easily through the pertaining
water treatment systems and may thus give rise to human exposure.

2.3.1 PFAAs in groundwater at severely polluted sites
In Bavaria, Germany, since 2007 groundwater samples (n = 97) have been analyzed
from the near vicinity of the industrial area Gendorf (around the village of Emmerting),
which was also known as a surface water hot spot of the small river Alz (Hangen et al.,
2010). In this area groundwater contamination with PFOA (especially the Alztal aquifer)
was up to 7ooo ng/L* (Wasserwirtschaftsamt, 2009). The groundwater pollution was re-
vealed through the presence of PFAAs in the drinking water of the region, and aquifers
used as source water were found to contain up to 4300 ng/L of PFOA in the Inn-Salzach-
gruppe (see also drinking water section). This contamination is known to stem from the
emission of PFOA used as an emulsifier in the production of fluoropolymers. Nowadays,
PFOA is substituted by an alternative PFAAs. However, the identity of this substitute is
confidential information.
Another contamination in German groundwater was detected in 2009 in the catchment of a

© www.gendorf.de (22.11.2007)
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waterworks of the RheinEnergie AG near Cologne. The source of the contamination was iden-
tified to be a fire brigade training area and a site contaminated with AFFFs. ZPFAAs reached
levels up to 4000 ng/L with PFOS and PFHxS prevailing. The PFAAs pattern was as follows:
PFOS (80%), PFHXS (8-12%), PFHXA (3-4%), PFBS (1-3%) and PFOA (1-2%) (Wilhelm et al.,
2010). PFAA concentrations in the drinking water were reduced by blending with clean raw
water and subsequent removal using granular activated carbon filtration.

In North Rhine-Westphalia, Germany, the local water supplier in Lippstadt closed down
the groundwater waterworks Eikeloh in October 2006 when the sum of PFOS and PFOA
exceeded 500 ng/L. After the installation of GAC filters in February 2007 the waterworks
could be re-opened. It appeared that the source of contamination was the application of
soil improver (Wilhelm et al., 2010).

Surface water influence on groundwater quality was also observed in the neighbourhood
of the creek Rheder Bach in North Rhine-Westphalia, which is contaminated with PFAAs
by emissions from the local municipal WWTP receiving industrial wastewaters of two
PFAA emitting companies. In the creek concentrations of 1100 ng/L for PFOA and

360 ng/L for PFOS were measured®. In the groundwater the sum of PFOA and PFOS was
279 ng/L, close to the guidance value of 300 ng/L for drinking water, given in a recom-
mendation of the German Umweltbundesamt (UBA)*.

Another well documented case study (not in Europe) is the PFAA contamination around
a landfill site where production waste from a perfluorochemicals manufacturing plant
was dumped. In 2004 it appeared that PFAAs were present in groundwater in local mu-
nicipal and private wells in Oakdale (situated south of one of the landfills) (Ferrey et al.,

PFBA = PFHxXA
+ PFOS v PFOA

srett, i *
. o .0 o,
* L PR -

-
—
o
=
3
c
5]
(&)

*

v
Yyyv_vvVyvy
v \LAAALA S BB J
v Yy v‘v v Yy

Figure 6 Concentrations of PFAAs in a groundwater well in Oakdale used for drinking water purposes, USA (courtesy
of the Minnesota Department of Health, personal communication with Chad Kolstad).

™ http://www.nrw.de/presse/pft-im-rheder-bach-gefunden-2119/ (02.02.2011),
2 http://www.nrw.de/presse/verursacher-der-pft-belastung-in-rhede-gefunden-2176/ (02.02.2011),
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2009; Cheng et al., 2010) (Figure 6) and in local tap water at concentrations above US
EPA’s Provisional Health Advisories (PHA) levels (see drinking water section). A GAC tre-
atment plant was installed and filtration began at the end of 2006 in order to remove
PFAAs from the drinking water (Bartell et al., 2010). Given low groundwater velocity in
general, a contaminated site will cause problems by dispersing slowly and remaining
present for possibly tens of years (e.g. Moody et al., 2002). Figure 6 shows that concen-
trations of different PFAAs only slightly decrease over a time range of several years.
Sources still existed for the given data and are currently being remediated.

The release of fire-fighting foams due to fires, accidental releases, or fire-fighting trai-
nings is known to cause contaminations of groundwater in often high concentrations
(Schultz et al., 2003; Moody and Field, 2000; Levine et al., 1997; Wilhelm et al., 2010).
Moody and co-workers (2003) found rather high concentrations of four PFAAs in 10 dif-
ferent groundwater wells at an Air Force base in Michigan, U.S.A. Maximum concentrati-
ons amounted to 120000 ng/L for PFHXS, 110000 ng/L for PFOS, 20000 ng/L for PFHXA,
and 105000 ng/L for PFOA.

Recent monitoring in the UK also revealed the presence of PFOA and PFOS in groundwa-
ter used for drinking water production. The source of this contamination was either pol-
lution incidents (e.g. Buncefield explosion) or the vicinity of a local source such as an
airstrip (Atkinson 2008; Rumsby et al., 2009). Maximum PFOA and PFOS concentrations
found in groundwater (i.e. influent of the drinking water treatment station) in this moni-
toring campaign were 230 ng/L and 152 ng/L, respectively.

Another contaminated site in the UK is the Jersey airport, where the “Airport Fire and
Rescue Service” released significant quantities of AFFFs to the environment by fire-
fighting trainings. The highest concentration of PFOS measured was 98000 ng/L, howe-
ver, concentrations up to 10000 ng/L could still be measured in 2009 (Rumsby et al.,
2009).

The analysis of landfill effluents collected in Finland and Norway resulted in @ maximum
concentration observed for ZPFAAs of 1537 ng/L (Kallenborn et al., 2004). In landfill ef-
fluents from 22 sites in Germany a maximum concentration of 2PFAAs of 13000 ng/L was
observed (Busch et al., 2010). Although effluents of modern landfills are often collected
and treated nowadays, many former landfills leach percolate water to groundwater aqui-
fers and are a potential source of PFAAs to drinking water wells. It might be reasonable
to assume that the concentrations leached into the environment would have been in the
same order of magnitude as encountered in collected leachate.

2.3.2 Monitoring campaigns for PFAAs in groundwater
In 2006 in the state of Baden-Wiirttemberg, Germany, 46 selected groundwater wells
with potential PFAAs contamination were analyzed®. These wells were selected either
due to a known direct or indirect impact of wastewater, e.g. from a sewage treatment
plant site, due to known leakages in the sewer system, or due to surface water infiltra-
tion. Additional wells were chosen which were located near sites where PFAAs had been
applied, such as paper finishing and electroplating plants. Additional samples were
taken from wells situated downstream of landfills or from sites where in the past there
had been a major fire or regular fire-fighting trainings, i.e. at an industrial site and at a
military airbase. In spite of the expected pollution, at approximately 80% of the sites se-
lected ZPFAA (18 compounds) was below 50 ng/L. Therefore, it was concluded that there

3 http://www.lubw.baden-wuerttemberg.de/servlet/is/30330/grundwasser_ueberwachung_ergebnisse_2006.pdf?command=
downloadContent&filename=grundwasser_ueberwachung_ergebnisse_2006.pdf (16.02.11)
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is no significant spatially conclusive and comprehensive contamination of groundwater
in the state of Baden-Wiirttemberg. The highest concentration was measured at a
groundwater well close to the Rhine river, where a PFBS concentration of 2.5 pg/L was
analyzed. This could be understood in terms of the high temporal PFBS concentration in
the upper Rhine valley at the time of sampling (see Section 2.2.2).

The analysis of 51 different groundwater samples in Bavaria, Germany, (excluding the
Gendorf area mentioned above), in 2007 showed that at 13 sites PFAAs were found.
PFOA and PFOS concentrations ranged between 0.6—4.1 ng/L and <1—20 ng/L, respecti-
vely. Groundwater contamination was mainly associated by infiltration of river water for
drinking water production®. The results from a small sampling campaign in Dutch
groundwater used for drinking water production showed the presence of PFOA at 68
and 44 ng/L at two out of five sites sampled. At one site a concentration of PFNA of

14 ng/L was observed. It has to be noted that LOQs in this study where relatively high
i.e., in the 10-20 ng/L range (Mons et al., 2007).

To the best of our knowledge, the leaching of surface runoff and from sewer pipes has
not been studied in Europe. One Japanese paper reports on the contamination of
groundwater in the city of Tokyo (Murakami et al., 2009a). PFHpA, PFOA, PFNA, and
PFOS, were present in the following concentrations ranges: <0.1-20, 0.47-60, 0.1-94 ng/L,
and 0.28-133 ng/L, respectively. Surface runoff, wastewater leaching from sewer pipes,
and in one sample infiltrating river water appeared to be the sources of the contaminati-
ons. This could be denoted as diffuse urban pollution.

2.4 PFAAs in drinking water

2.4.1 Occurrence of PFAAs in drinking water
Low levels of PFAAs are regularly found in drinking waters across Europe. The relations-
hip between elevated surface water or groundwater concentrations of PFAAs on the one
hand and drinking water concentrations of PFAAs on the other was established in se-
veral papers and research programs® (DVGW, 2007). Drinking water from polluted areas,
especially near airstrips, where spills or continuous emissions had occurred, contains
elevated PFAA concentrations. Exposure assessment studies have concluded that both
food and drinking water can be major exposure pathways to humans (Vestergren and
Cousins, 2009; Tardiff et al., 2009). It was also shown that contaminated drinking water
yields higher blood plasma concentrations of PFOA in humans (Holzer et al., 2009; Wil-
helm et al., 2009; Emmett et al., 2006). The consumption of drinking water was estima-
ted to give <0.5% and 16% of the total human exposure to PFOS and PFOA, respectively
(EFSA, 2008). However, data used for this assessment were limited in the concentrations
of specific dietary items available for the assessment.

Concentrations of individual PFAAs have been detected in drinking water in several stu-
dies. Statistical evaluation of 121 drinking water samples from 99 different origins in
Germany and Switzerland (Lange et al., 2007b), demonstrated that a number of analy-
zed polar to medium polar PFAAs were frequently present in drinking water samples,
even if highly contaminated areas were excluded (Figure 7).

4 http://www.lfu.bayern.de/analytik_stoffe/analytik_org_stoffe_perfluorierte_chemikalien/index.htm (02.02.2011).
s www.perfood.org (02.02.11)
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Figure 7 Percentage of positive samples including and excluding the heavily contaminated Ruhr/M&hne area (non
published data representation by F. T. Lange, TZW).

This finding reflects that PFAAs are often present in drinking waters at very low levels
and that the contaminated areas do not necessarily contribute to a large extent to the
number of positive findings. This can be explained in part by the low LOQs reached no-
wadays by the analytical methods applied.

It was also observed that the severely contaminated sites do not contribute substanti-
ally to the median concentration of all 121 samples. This can be seen when comparing
Figure 8 a) and b). Figure 8 a) depicts the median concentration of the 121 measured
samples with the outliers (mainly the contaminated sites) outside the error bars. Upon
removing the values related to contaminated sites the median concentrations do not
change much (Figure 8 b). This indicates that in the majority of the locations sampled
measured concentrations are low and that only in few cases guideline values locally can
be exceeded.
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Figure 8 Boxplot of PFCA and PFSA concentrations in drinking water (data of 2006) a) including known hot spot
samples (upper figure) and b) excluding known hot spot samples; black dots represent outliers (mostly polluted
sites) (lower figure) , line within the box represents soth percentile (median); box delimits 25th and 75th percenti-
les; bars indicate 10th and goth percentiles; results <1 ng/L were taken as 0 ng/L in the calculation (DVGW, 2007).
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A study in Catalonia, Spain, showed the presence of PFAAs in tap water with maximum
concentrations of 57, 69, and 58 ng/L for PFOA, PFBS, and PFOS, respectively. Concen-
trations of other PFAAs were below 10 ng/L (PFHXA, PFHpA, PFNA, PFDA, PFUNDA,
PFDoDA, PFTDA, PFHxS, PFOS, and PFOSA) (Ericson et al., 2009). Another study measu-
red tap water concentrations in Sweden near Orebro and found concentrations of

1.3 ng/L PFOA and 0.3 and 0.8 ng/L PFOS (Lien et al., 2006). Loos et al. (2007) found
several PFAAs in tap water in the vicinity of Lake Maggiore in Italy. Only PFOA (2.4 ng/L)
and PFOS (8.1 ng/L) were found in concentrations above 1 ng/L (PFBA and PFBS were
not measured). Surrounding surface waters contained comparable PFAA concentrations
(see above), indicating that the water treatment used did not efficiently remove the
PFAAs. In a Belgian study (D’hollander et al., 2009) it was observed that in tap water
samples from three different communities in Flanders (Antwerp, Waasland and Gent;
with n = 4), the median concentration of PFOS (3.4 ng/L) was the highest of the PFAAs
analyzed, followed by PFOA and PFHxS (both 1.1 ng/L). The other PFAAs (PFBA, PFHXA,
PFNA, and PFBS) analyzed were invariably below 1 ng/L, except for PFHXA for which a
LOD of 1.8 ng/L was reported. One recent study in Norway reported concentrations of
PFHxA, PFOA, PFHxS, and PFOS of 0.36, 1.45, 0.11, and 0.20 ng/L, respectively (Haug et
al., 2010).

The concentrations levels mentioned in the previous paragraph are regarded as low.
Drinking water which is produced in the vicinity of a PFAA-contaminated area has often
higher concentrations compared to background areas. For example, the drinking water
levels from waterworks situated in the Ruhr catchment area, which have been monitored
closely since the detection of a high PFOA contamination in 2006 (Skutlarek et al.,
2006) following the application of a contaminated soil improver to agricultural land (see
section 2.2.2), have amounted up to levels sometimes above the precautionary value of
100 ng/L recommended for the sum of PFOA and PFOS concentrations. Timelines (since
2006) of PFOA and PFOS concentrations as well as for their combined concentration can
be retrieved from®.

In Southern Germany another area is known where environmental emissions of PFOA
caused drinking water contamination. In the Alt6tting District (Bavaria) drinking water
has been (and still is) monitored for PFAAs from 2006 to 2009* following discharges
from a fluoropolymer factory using PFOA in the production process. Concentrations of
PFOA between the LOD (1 ng/L) and 410 ng/L were reported. PFOS was not detected
above 4 ng/L in these regions. At three locations in the Altétting area a consistent inc-
rease between 2006 and May 2009 (Figure 9) was observed. At several occasions the re-
commended health based orienting value for drinking water of 300 ng/L for the sum of
PFOA and PFOS (TWK, 2006) was exceeded. The variation in the mixing of the different
waters obtained from the different pumping stations possibly causes the temporal inc-
rease in concentrations at high level tank Vogled seen in Figure 9 around April 2009. In
November 2009 activated carbon filters were installed in order to remove the contami-
nation from the water. So far known this has reduced PFOA concentrations in water con-
siderably, however no measurements and/or levels were available at time of publication.

1 http://www.pft.lua.nrw.de/owl/GIS/exhibit/pft_tw.php?exhibit-use-local-resources#2 (02.02.2011)
7 http://www.lgl.bayern.de/gesundheit/umweltmedizin/perfluorierte_tenside_altoetting.htm (02.02.2011)
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Figure 9 Concentration of PFOA in Bavarian (Germany) drinking water from the Inn-Salzach group (high level tank ,,Vo-
gled“ and transition point Marktl) and the communities of Burgkirchen and Emmerting (high level tank Eschalberg).

A monitoring study on the presence of PFOA and PFOS in tap water from 20 sites across
England was carried out in the course of 2007 (Atkinson et al., 2008). PFOS was found
at four sites at relatively constant levels over time. The highest levels of PFOS (162 ng/L)
were observed south of Cambridge in groundwater near an airstrip, confirming that air-
strips are a potential source of PFAAs to the environment. One other sampled site was
near the Buncefield site where a series of large explosions followed by a big fire occur-
red in oil storage tanks in December 2005 and was fought with large volumes of AFFFs.
It appeared that the groundwater pumping station in the vicinity of the explosion site
providing raw water for drinking water supply was contaminated with PFAAs. Although
activated carbon treatment was included in the water treatment, concentrations in the
effluent from the station amounted to 66 ng/L for PFOA and 45 ng/L for PFOS in one oc-
casion. According to Atkinson et al. (2008), the activated carbon beds were not regene-
rated for some years, which seem to be a reasonable explanation for the relatively high
levels of PFAAs encountered in the drinking water. Temporal and spatial variations
across the sites were relatively high. Minimum and maximum concentrations measured
were between 25 and 370 ng/L of PFOA, meaning that the guidance value (tier 1) of
300 ng/L for PFOA levels in drinking water set by the DWI (2009) was exceeded on one
occasion, which triggers further monitoring and consultation with local health authori-
ties.

Another case of drinking water contamination by PFOS was found in the vicinity of an
airstrip in East Anglia in England. PFHxA, PFOA, PFHxS, and PFOS concentrations in the
source water varied around 500, 1000, 1500, and 2500 ng/L over a measuring period of
two years. In order to remove PFAAs from the raw water activated carbon filters were in-
stalled. To increase removal efficiencies, water/GAC contact times were increased from
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30 min to between 65 and 110 min and regeneration frequency was increased from bien-
nial to annual (5500 bed volumes between regeneration). PFOS was readily removed
from the raw water and effluent PFOS concentrations were generally below the LOQ of
100 ng/L (Markall, 2008). PFHxA was the first compound to break through after approxi-
mately 2000 bed volumes and was the least readily removed compound. PFOA, PFHXS,
and PFOS showed breakthrough after more than 5500 bed volumes.

A similar behavior of PFAAs was well documented in a drinking water treatment plant in
Oakdale, USA. The tap water produced in this plant, the influent water of which is conta-
minated with PFAAs (see Section 2.3 and Figure 10), has been monitored extensively
over the past few years. From Figure 10 it can be concluded that the short chained
PFBA, PFPeA, and PFHxA are not well retained by the treatment plant. This can be seen
at early 2007 and early 2009 when the PFAAs break through the GAC filter. By the end
of 2008 the GAC was regenerated and fresh GAC retained PFAAs well for a short period
of time. Other PFAAs (PFBS, PFHxS and PFOS) were not detected in the treatment plant
effluent drinking water.
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Figure 10 PFBA, PFPeA, and PFHxA concentrations in the combined GAC effluent of a drinking water production plant
in Oakdale, USA (courtesy of the Minnesota Department of Health, personal communication with Kolstad Chad).

After several pollution incidents became known, guideline values have been set in the
recent past by the Drinking Water Inspectorate (DWI) of England and Wales, the German
Drinking Water Commission and by authorities in the USA. A review of these values was
given by Rumsby et al. (2009). However, guideline values vary between countries. For
example, for a lifelong exposure the combined PFOS and PFOA concentrations of
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300 ng/L should not be exceeded in Germany (TWK, 2006) whereas individual values of
300 ng/L for PFOA and 300 ng/L for PFOS are used as the lowest guidance levels of a
three-tiered system in the UK, where minimum action has to be taken by monitoring and
consultation with the local health professionals (DWI, 2009). Recently, provisional health
related indication values (HRIV) were also proposed for short chain PFAS, e.g. 3000 ng/L
for PFBS and 7000 ng/L for PFBA (Wilhelm et al., 2010).

2.4.2 Behaviour of PFAAs during drinking water preparation
In order to reduce the PFAAA concentrations of contaminated raw waters below the re-
commended health based values different options exist. The removal efficiency of the
different PFAAs from water during treatment is strongly dependent on the type of treat-
ment processes used and on the chain length and nature of head groups of the PFAAs.
Depending on the applied treatment, it was found that PFAAs may be present up to the
same level in the drinking water as in the source water. This finding demonstrates that
PFAA removal efficiencies in the drinking water treatment process in general are low
(Loos et al., 2007; Quinones and Snyder, 2009). Different studies showed that there are
not only problems with groundwater sources, but also a correlation between surface
water and tap water from the same region (Lien et al., 2006; Takagi et al., 2008). Natu-
ral processes like river bank filtration or dune filtration are ineffective (Eschauzier et al.,
2010). Lange et al. (2007a) studied the concentrations of PFAAs in the Rhine and com-
pared them to concentrations after river bank filtration. Typical concentrations were in
the low ng/L range and riverbank filtration did not remove the PFAAs. This has recently
been confirmed by a survey of influent and effluent concentrations of several drinking
water treatment plants in the USA (Quinones et al., 2009) and in pre-treated infiltrated
Rhine water in dune areas used as a treatment step in the drinking water production
where water had travel times up to 18 years (Eschauzier et al., 2010).
As described in part above, at present, technical measures taken in order to remove the
PFAAs from the raw water are almost invariably the use of GAC filters. The order of
breakthrough of PFAAs is increasing with decreasing chain length and appears to be fas-
ter for carboxylates than sulfonates.
In a recent study, which analyzed influent and effluent concentrations from drinking
water treatment plants, it was concluded that only the treatment plants with membrane
filtration removed PFAAs efficiently (Quinones and Snyder, 2009). However, PFAAs analy-
zed did not include compounds with carbon chain lengths shorter than Cg, thus not re-
vealing the removal capacity for, e.g., PFBA and PFBS at process scale. The generation
of a concentrated waste stream when membrane filtration is used and the relatively high
operation costs make this treatment method not widely used yet in the drinking water
treatment process.

The description in the literature of the different processes and sorption parameters still

is vague and sometimes contradicting. However, it appears that the regeneration rate of
GAC columns and the contact time of the water with the activated carbon are important
parameters in the efficient removal of PFAAs from water.
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2.5 Summary

The presence of PFAAs at a base level of contamination due to pollution from diffuse
sources and global/continental distribution may occur nowadays. The background level
in many European rivers has been known for some years. The source of PFAAs in the
environment can usually be traced to a discharging factory, accidental spill or wastewa-
ter treatment plant.

PFAA concentrations in the Central and Southern European rivers, such as in Italy, Ger-
many, The Netherlands, and UK, generally seem to be higher than in Northern Europe.
This is well illustrated when levels reported for the Scandinavian countries and Northern
Poland are compared. However, this conclusion might also be an artifact due to the situ-
ation that in some countries more analyses were carried out than in others, and thus
the possibility of hot spot identification is higher. The rivers Po, Rhine and Seine appear
to be the major rivers in Europe discharging PFAAs into the oceans. The reports gene-
rally focus on the presence of PFOA and PFOS in the environment. However, as a result
of substitution of Cg by C, PFAA and polyfluorinated telomer compounds, respectively,
it is expected that concentrations of the substitutes or their metabolites will increase in
the environment. Unfortunately, PFBA and PFBS have been monitored only scarcely thus
far.

Concentrations in drinking waters remain on average fairly low. Drinking water produced
from raw water extracted in the vicinity of a PFAA spill tends to be contaminated. As for
the removal of PFAAs during drinking water preparation several conclusions can be
drawn. In practice, two technologies known to remove PFAAs also used in the drinking
water treatment process are membrane and activated carbon filtration. The difference in
PFAA baseline concentrations in drinking water will depend on the technologies used in
different treatment plants. Drinking water prepared by a treatment which does not in-
clude GAC filtration or reverse osmosis will generally contain higher PFAAs levels in the
case contaminated water is used as source water.
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