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Abstract
Different studies have shown that surface waters contain perfluoroalkyl acids (PFAAs) in
the low ng/L range. Surface waters are used to produce drinking water and PFAAs have
been shown to travel through the purification system and form a potential threat to
human health. The specific physicochemical properties of PFAAs cause them to be per-
sistent and some of them to be bioaccumulative and toxic in the environment. This
study investigates the evolvement of PFAAs concentrations in Rhine water and rainwater
during dune water infiltration processes over a transect in the dune area of the western
part of The Netherlands. The difference between infiltrated river water and rainwater in
terms of PFAAs composition was investigated. Furthermore, isomer profiles were investi-
gated. The compound perfluorobutanesulfonate (PFBS) was found at the highest concen-
trations of all PFAAs investigated, up to 37 ng/L in infiltrated river water (71£13% of
2PFAAs). This is in contrast with the predominant occurrence of perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonate (PFOS) reported in literature. The concentrations of
PFBS found in infiltrated river Rhine water were significantly higher than those in infiltra-
ted rainwater. For perfluorohexanesulfonate (PFHxS) the opposite was found: infiltrated
rainwater contained more than infiltrated river water. The concentrations of PFOA, per-
fluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFBS, PFOS, and PFHXS
in infiltrated river water showed an increasing trend with decreasing age of the water.
The relative contribution of the branched PFOA and PFOS isomers to total concentrati-
ons of PFOA and PFOS showed a decreasing trend with decreasing age of the water.
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4.1 Introduction
Perfluoroalkyl acids are composed of fully fluorinated carbon chains of varying length
and a sulfonic, carboxylic, or phosphonic headgroup. They are an important subgroup of
the PFAAs. The specific properties of PFAAs such as water, fat, and dirt repellency, mi-
crobial inertness, thermal stability, and surface tension lowering make these compounds
extremely interesting for commercial and industrial usage. They occur as active ingre-
dients or residuals in a wide range of products such as nonstick cookware, clothing, car-
pets, paints, and food packaging (Kissa, 2001). The presence of PFAAs at the ng/L or
Mg/kg level in different environmental compartments such as surface waters (McLachlan
et al., 2007), oceans (Yamashita et al., 2005), air (Barber et al., 2007; Ellis et al., 2004),
sediments (Higgins et al., 2005), biota (Conder et al., 2008), and human blood serum
(Kannan et al., 2004) has instigated a considerable scientific interest in the past decade.
Extensive studies discovered that several PFAAs are extremely persistent (Saez et al.,
2008), bioaccumulative (Conder et al., 2008), and toxic (Hekster et al., 2003). Direct
emission of PFAAs to the environment occurs via the use and manufacture of PFAAs
salts and fluoropolymers and the use of Aqueous Film Forming Foam (AFFF; generally
associated with high levels of perfluorohexanoic acid (PFHxA), perfluorooctanoic acid
(PFOA), perfluorohexane sulfonate (PFHxS), and perfluorooctane sulfonate (PFOS))
(Moody et al., 2003). Spraying of and leaching from water and stain repellents on con-
sumer/industrial products also form a direct emission source. Indirect distribution in the
environment occurs via atmospheric degradation of fluorotelomer products by hydroxyl
radicals or leaching from these products (Moody et al., 2003; Prevedouros et al., 2006).
Once present in the environment, spreading mainly occurs via surface waters, ocean cur-
rents, or through atmospheric transport of precursor compounds (Ellis et al., 2004; Pre-
vedouros et al., 2006; Armitage et al., 2009; Schoeib et al., 2006). To the best of our
knowledge, from the PFAAs found in nature, only PFBS, PFOS, PFOA, perfluorononanoic
acid (PFNA; especially in Japan), and the fluorotelomer alcohols are known to be directly
used or produced. The other chain lengths observed in the environment are therefore
mostly originating from indirect sources (fluoropolymer industry) or may be formed in
production processes such as Electro Chemical Fluorination (ECF) as reaction impurities.
The ECF manufacturing pathway, yielding a mixture of nonbranched and branched iso-
mers with different chain lengths (C,-C, and possibly higher), has mostly been replaced
(in Europe and the United States, major exception: the C4 chemistry) by a telomerization
method based on fluorotelomer iodides which mainly yields straight carbon chains (Pre-
vedouros et al., 2006). The occurrence of PFAAs in surface waters, which are used for
the production of drinking water, is a known exposure pathway for humans (Vestergren
and Cousins, 2009). PFAAs were observed in drinking water prepared from contaminated
river water from the Ruhr area in Germany (Skutlarek et al., 2006), ranging from 22 to
519 ng/L for PFOA and from 3 to 22 ng/L for PFOS. In this case, PFAAs concentrations
detected in drinking water supplies prepared from riverbank filtration and artificial re-
charge did not significantly differ from those found in surface waters (Skutlarek et al.,
2006). Lange et al. (2007a) also concluded that riverbank filtration and artificial ground-
water recharge did not remove C,-Cg chained PFAAs during filtration. In another study
(Loos et al., 2007), concentrations of different PFAAs found in Lake Maggiore, Italy were
almost identical to the concentrations found in tap water from the same area. The tribu-
tary rivers to this lake hardly contained PFAAs, however, whereas rainwater in this area
contained higher amounts of PFAAs than lake water, suggesting an atmospheric source
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of PFAAs (Loos et al., 2007). Dutch river waters that may serve as a drinking water re-
source are known to contain PFAAs, ranging from <5 to 43 ng/L (Mons et al., 2007).
Little is known, however, about the presence and behavior of these compounds in the
Dutch drinking water preparation cycle.
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Figure 1 Age distribution and water flow of recharged Rhine water transported from river Rhine to Leiduin by pipe-
line, and wells sampled (circled nos.) in the cross section (transect). Water flow follows the arrows, from left to right.
Figure used with permission from the author (Stuyfzand, 1993).

In the Western part of The Netherlands, pretreated water from the river Rhine is infiltra-
ted at various sites in the coastal dunes, recovered after 40-100 m of aquifer passage in
30-135 days, and post-treated to produce drinking water. The dune locations provide an
ideal opportunity to study the behavior of PFAAs in a coastal sandy aquifer system,
which on the one hand is recharged artificially through basins filled with river Rhine
water, and on the other hand is recharged naturally by rainwater. The purpose of the
present study is to analyze the profiles of nonbranched and branched PFAAs in infiltra-
ted river water samples along a transect of varying age of the water, and to compare
these two profiles in infiltrated rainwater. This comparison of both groundwater types is
expected to reveal differences in sources and pathways of PFAAs.
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4.2 Materials and Methods

4.2.1 Chemicals
The nonlabeled calibration standards and the isotopically labeled internal standards per-
fluorocarboxylates (PFCAs) and perfluorosulfonates (PFSAs) were obtained from Welling-
ton Laboratories (Ontario, Canada). A list with abbreviations of the nonlabeled and
labeled standards is shown in Table S1 of the Supporting Information (SI). Materials
used for sample treatment and analysis included C18 SPE Sep-Pak Vac 3 cm3 (500 mg)
cartridges (particle size 55-105 pm, pore size 125 A) from Waters (Wexford, Ireland);
Acrodisc LC13 GHPPall 0.2 pm filters from Pall Corporation (New York); 30 mL polypro-
pylene (PP) tubes with screw cap and 2-mL glass vials from Supelco (Bellefonte, PA).
Methanol of ULC/MS grade was obtained from Biosolve (Valkenswaard, Netherlands).

4.2.2 Sampling Area
The sampled field site is located near the North Sea coast to the south of the village of
Zandvoort in the Western part of The Netherlands, about 30 km west of Amsterdam. The
municipality of Amsterdam uses the dune area for producing drinking water from river
Rhine water for its inhabitants. The river water, after pretreatment by coagulation and
rapid sand filtration, is infiltrated in the dunes via shallow basins. Once infiltrated, this
water slowly moves through sandy and silty deposits to the recovery systems (drains,
wells, canals). There is no mixing with original dune groundwater (rain fed), except for
very narrow interfaces. Along the studied transect, the long distance between the infil-
trating supply canal and draining canal (Van der Vliet canal) allows rainwater to form a
water body (lens) on top of the laterally migrating Rhine infiltrate (see Figure 1). The
spatial distribution of this lens, the narrow transition zone, and underlying Rhine infil-
trate has been carefully mapped by using various tracers like Cl- (Table S7 in SI), the Cl°
/Br ratio and *0 isotope of the water molecule (Stuyfzand, 2003). Both water bodies
have been sampled using conventional PVC piezometers and PE miniscreens, which
were installed about 28 years ago. The water sampled has been dated in an earlier sur-
vey (1981) by using chloride and tritium as environmental tracers. The resulting age dis-
tribution of the water is shown in Figure 1. This age distribution is expected to
approximate the current situation because in 2007 both the hydraulic pressure distribu-
tion and the shape of the dune water lens on top of the infiltrated body of river Rhine
water were practically identical to those in 1981. The transect sampled in this study is
located at a distance of approximately 2 km east from the North Sea shore.

4.2.3 Water Analysis
One-liter water samples were taken in the spring of 2008 from six wells along a transect
(with @ maximum travel time of ~18 yr) in the dune infiltration area at two different
depths corresponding to either the infiltrated river water body or the rainwater body
(n=2 for each well). The wells are equipped with a series of mini-filters at regular inter-
vals enabling sampling of water at different depths. Samples were collected in 1 L green
glass bottles (cleaning protocol given in Sl) using a hand pump, and directly transported
to the laboratory for analysis. Approximately 100 mL of the water sample was weighed
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in an Erlenmeyer flask. Aliquots of 6400 ng of the mass labeled internal standards
(PFCAs: Cg, Cg, C4-C4, and PFSAs: Cg) were subsequently added (see Sl for recovery
calculations and 19able S1 for mass labeled surrogate-analyte combination). C;g SPE car-
tridges were conditioned by eluting with 10 mLof methanol and 1omLof nanopure water,
consecutively. The water sample was subsequently transferred to the cartridge by gravi-
tational flow (a rate of one drop per second approximately), the eluate was discarded
and the cartridge was then dried under a gentle N, flow. The compounds retained on
the SPE cartridge were desorbed with 10 mL of methanol into a 30 mL PP tube (prerin-
sed with methanol). The PP tube was placed on a water bath at 45°C and the extract
was evaporated to 1 mL under a constant N, flow. Finally, the solution was filtered
through an Acrodisc LC 13 GHP Pall (flushed with 1 mL of methanol) into a 2-mL vial
(prerinsed with methanol). The PP tube was washed with 500 pL of methanol and this
was added to the vial. The samples were stored at 4 °C prior to analysis. The PFAAs
were analyzed by injecting 20 PL of the extract into a high-performance liquid chromato-
graph (HPLC; with a LC-20AD XR pump, a SIL-20A autosampler, and a SCL-10A VP sys-
tem controller; Shimadzu, Kyoto, Japan) connected to a tandem mass spectrometer
(4000 Q Trap; Applied Biosystems, Toronto, Canada) operating in the negative ionization
mode. The mass transitions applied are shown in Tables S2 and S3 of the SI. In general
transition 1 corresponds to decarboxylation for the carboxylic acids, and to the forma-
tion of SO, for the sulfonic acids. Branched PFOS and PFOA were identified on the
basis of the ratio of the response (area) of mass transitions (M2:M1) of the isomer peak
(acceptance criterion: within range of (0.2-0.3), and the retention time (0.04 min). A furt-
her condition was that both the isomer peak(s) and the nonbranched compound should
have peak heights higher than 10X the signal-to-noise ratio (S/N). The mass transition
ratios alone do not allow for branched isomer quantification. No pure branched isomers
were available at the time of analysis for the calibration; therefore,we estimated the
concentrations of branched isomer assuming a response factor similar to that of the
nonbranched isomer. Although we are aware that this may lead to biased quantification
of the nonbranched isomer, the main purpose for doing so was to compare the relative
levels of branched isomers between samples. When branched isomers standards became
available the identity of the branched isomers was later confirmed by injecting branched
isomers of PFOA and PFOS (see S| Figure Sg). Throughout the paper when PFOA or
PFOS are discussed, the mixture of branched and nonbranched PFOA and PFOS is
meant, unless explicitly mentioned otherwise (as in the isomer contribution section). An
ACE 3 C18-300 column (ID 2.1 mm; length 150 mm; Advanced Chromatography Technolo-
gies, Aberdeen, Scotland) with a particle diameter of 3 pm was used for the separation
and held at a temperature of 30 °C. The precolumn used for lowering the background of
PFAAs from the HPLC system was a Pathfinder 300 PS Cis column (ID 4.6 mm; length
somm; Shimadzu, Duisburg, Germany) with a particle diameter of 3.5 pm,placed before
the injection valve. Gradient elution with a flow of 0.2 mL/min was applied with the fol-
lowing solvent composition: A, 40:60 methanol/water and B, 95:5 methanol/water (both
with 5 mM ammoniumacetate). After an equilibration time of 8 min, the solvent compo-
sition decreased from 100% at the start of the analysis to 20% A at 8 min and further
decreased to 0% A at 17 min. The solvent composition increased after 20 min to 100% A
again until 22 min. For comparative purposes samples were collected in the fall of 2008
from the adjacent Dutch coastal zone of the North Sea (n=8) and from fresh surface wa-
ters in The Netherlands (n=12). The analysis of these samples followed the same proto-
col as described above and detailed results of this sampling campaign are reported
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elsewhere (Moller et al., 2010). The anion analysis (SO,>, NO,, Cl) was performed on a
CFA system (Auto Analyzer, Skalar, Breda, Netherlands). Cations (Na*, Mg*) were deter-
mined by ICP-OES (OPTIMA 3000XL Perkin-Elmer, Norwalk, CT); see Table S7 in the Sl
for the results. A quality control description is included in the SI.

4.3 Results and Discussion
Analysis of the water samples revealed that PFAAs are present in infiltrated Rhine water
and in infiltrated rainwater (for PFAAs concentrations, see Table 1 and Tables S4 and Sg
in the Supporting Information). The predominant PFAAs found in the analyzed water are
PFBS, PFHxS, PFOS, and PFOA.

4.3.1 Infiltrated Rhine Water Body
The results in Table 1 show that PFBS is the most abundant component (mean: 24 ng/L)
in infiltrated Rhine water. PFOS was found at concentration levels between 0.3 and 28
ng/L, with the majority of the samples below 5 ng/L. Concentrations of PFHxA, perfluoro-
heptanoic acid (PFHpA), and PFOA were found to be less: <0.3-2.5 (PFHxA), 0.3-0.7
(PFHpA), and 2.1-11 ng/L (PFOA). Finally, PFHpS, perfluorodecane sulfonate (PFDS), per-
fluoropentanoic acid (PFPeA), perfluoroundecanoic acid (PFUnA), perfluorododecanoic
acid (PFDoA), perfluorotridecanoic acid (PFTrA), and perfluorotetradecanoic acid (PFTeA)
were present either at very low concentrations close to or below the corresponding
LOQs. The River Rhine is the likely source of these PFAAs and is therefore considered
the primary source of PFAAs found in infiltrated surface water of the dunes. Skutlarek et
al. (2006) found similar high concentrations of PFBS in the Rhine river, whereas levels of
PFOA and PFOS were reported to be higher than those in the present study. Lange et al.
(2007a) also found high PFBS concentrations in the river Rhine and attributed these to a
plausible point source on the lower Rhine in Germany. High PFBS levels were also ob-
served in other sampling campaigns; see Table 1. Quinete et al. (2009) reported PFOA
and PFOS concentrations in the river Rhine which are lower than those observed in the
present study (Table 1). Previously reported mean concentrations by McLachlan et al.
(2007) in Rhine water of PFHXA, PFHpA, and PFOA amounted to 18, 1.8, and 12 ng/L res-
pectively. Hence, the concentrations measured in the present study in the infiltrated
river Rhine water correspond fairly well to available literature data. Increasing trends
were observed for nonbranched PFHxA, PFHpA, PFOA, PFBS, PFHpS, and PFOS along the
transect (data and statistics shown in SI, Figure S8 and Table S8) with decreasing travel
time of the water. Increased production of PFAAs over time or sorption to soil over time
are possible explanations of these patterns.

4.3.2 Infiltrated Rainwater Body

Concentrations of PFAAs in infiltrated rainwater are highly variable across the transect
(Table 1 and Table S5 in SI) and dominated by PFHXS and PFOA (see Table 1). The mean
concentrations of PFBS, PFOS, perfluorooctane sulfonamide (PFOSA), PFHXA, and PFHpA
were all less than 2.4 ng/L. In rainwater from remote American locations similar concen-
trations of PFCAs were found (Scott et al., 2006) except for PFOA, for which levels ran-
ged between <o.5 and 3.1 ng/L. Liu et al. (2009) reported higher concentrations of PFOA,
PFHpA, and PFOS in rainwater and lower concentrations of PFHxS. Possible contamina-
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ion pathways to the infiltrated rainwater body are atmospheric deposition (Young et al.,
2007; Stock et al., 2007) due to transport of PFAAs and/or oxidation of precursors, or
marine aerosol deposition (as the distance of the sampling area to the North Sea shore
is approximately 2500 m). A possible contribution from sea spray is however considered
unlikely because the PFAA concentration patterns in North Sea water and infiltrated rain-
water differ considerably (see Figure 2). Moreover, if the infiltrated rainwater body would
be impacted by the North Sea spray one would expect a correlation between chloride
concentrations and one of the major compounds (such as PFOS) in the North Sea water
profile. No such relationship was apparent. Therefore, it is likely that PFAAs found in the
infiltrated rainwater body mainly originate from atmospheric deposition.

Inf. river water (n=12) Dutch freshwater (n =12)

0
PFHXA PFHpA PFOA PFBS PFHxS PFOS PFHxA PFHpA PFOA PFBS PFHxS PFOS

Inf. rainwater (n =12) North Sea water (n = 8)

0 0
PFHxA PFHpA PFOA PFBS PFHxS PFOS PFHxA PFHpA PFOA PFBS PFHxS PFOS

Figure 2 Mean analyte contribution (standard deviation shown) to the SPFAAs concentrations (ng/L) in infiltrated
river water (n=12), Dutch freshwater (n=12), infiltrated rainwater (n=12), and Dutch coastal North Sea water (n=8)
with number of samples within brackets. 3PFAAs, sum of PFHxA, PFHpA, PFOA, PFBS, PFHXS, and PFOS.
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4.3.3 Comparison of Levels and Abundance Patterns of PFAAs
Concentrations of ZPFAAs (i.e., sum of PFHxA, PFHpA, PFOA, PFBS, PFHxS, and PFOS)
found in infiltrated Rhine water tend to be somewhat higher than those found in infiltra-
ted rainwater (see Table 1). For individual PFAAs important differences are observed
both for the absolute concentration levels and their relative contribution to 2PFAAs. The
concentration patterns in Figure 2 present the mean analyte percentages of six PFAAs in
the two water bodies sampled. For comparison the patterns of Dutch surface waters and
North Sea water from adjacent areas are also shown. Figure 2 shows that infiltrated river
water, Dutch fresh surface waters, and to some extent North Sea water have relatively
comparable concentration patterns (major components PFBS, PFOS, PFOA), while infiltra-
ted rainwater clearly is dissimilar (major: PFHxS, PFOA). The most obvious differences
between the two infiltrated water bodies are (i) the relative contribution of PFBS in infil-
trated Rhine water (71£13% of ZPFAAs) that is significantly different (P=0.0025; Stu-
dent’s t test) from the contribution found in the infiltrated rainwater pattern (13£20% of
2PFAAs), and (ii) the contribution of PFHXS which accounts for 45+25% of the ZPFAAs
in infiltrated rainwater, whereas this is only 3+1% in infiltrated river water (P=0.0328).
The differences between the absolute concentrations of PFBS and PFHXS in the two
water bodies (see Table 1) were also statistically significant. The compounds PFOA and
PFOS account for 13+6% and 8%11%, respectively, of the total PFAAs concentrations in
infiltrated Rhine water in the present study. The percentage contribution of PFHXA,
PFHpA, PFOA, PFBS, and PFHxS to the total PFAAs present in infiltrated river water sam-
ples is very similar to the percentages found in Dutch surface waters. This indicates that
the PFAA contribution does not change even after pretreatment and infiltration of water
from the river Rhine. The contribution of PFOS to total PFAAs in Dutch fresh surface
water is however much higher compared to that in infiltrated river water. The observed
patterns and trends of PFAAs in infiltrated water compared to source waters are the re-
sult of several fate mechanisms, the most important of which are: (i) emissions over
time, (ii) preferential sorption (of longer chained PFAAs), and (iii) degradation of precur-
sors (Murakami et al., 2009a; Washington et al., 2009). The occurrence of PFBS found in
high concentrations in relatively old infiltrated Rhine water is somewhat unexpected be-
cause the production of PFBS was increased after the voluntary ban of PFOS in 2002.
The results suggest that PFBS sources were already discharging into river waters before
2002. Skutlarek et al. (2006) also reported PFBS to be the major component in the
Rhine river and selected tributaries (53+£19% of ZPFAAs) followed by PFOS and PFOA
(38£21% and 6%7% of tot ZPFAAs). Despite the ban on PFOS production, the concen-
trations of PFOS in infiltrated river water increase with decreasing water age (see Table
S¢4 in Sl). In the dune area, sorption of PFOS to soil probably plays amoreimportant role
than emission reduction. It is known that sorption of PFAAs increases with increasing
chain-length (Murakami et al., 2009; Higgins and Luthy, 2006), hence it can be inferred
that PFOS will adsorb more strongly than PFBS and PFHxS. The design of the present
study does not allow any firm conclusions to be drawn on the role of degradation of
precursors during air transport. It has been postulated that aerobic degradation of pre-
cursors can take place in soils leading to increased concentrations of PFOS and PFOA
(Murakami et al., 2009a; Washington et al., 2009). For other carbon chain-lengths no
such information is available and therefore no conclusions can be drawn at this stage
on the influence of degradation on the overall patterns observed.
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4.3.4 Contribution of Isomers
Changes in the concentrations of nonbranched and branched isomers of PFOA and PFOS
over time were evaluated semiquantitatively in this study. Because the branched iso-
mers were quantified using the same response factor as the nonbranched PFAAs, one
should consider the concentrations rather relatively than quantitatively. The data obtai-
ned from infiltrated river water have been used because this transect covers a long time
component (up to 18 years, cf. Figure 1). Resolved isomer peaks and coeluting branched
isomers of PFOA and PFOS are observed in all chromatograms of samples analyzed in
this transect (see Sl Figure S1 to S7 for example chromatogram). In Figure 3 the bran-
ched and nonbranched isomer concentrations for each duplicate sample of PFOA and
PFOS are presented versus the distance traveled in the transect. In the infiltrated rain-
water bodyno shifts in isomer profiles are apparent along the transect for PFOA and
PFOS. This was expected because atmospheric deposition is assumed to be equal over
the relatively small area sampled. In infiltrated river water, concentrations of the non-
branched and branched PFOA and PFOS isomers (Figure 3) show an increasing trend
with decreasing age or decreasing distance from the infiltration point. This effect is more
pronounced for PFOS than for PFOA (see S| Figures S1o and S11 and Table S8 for regres-
sion analysis). The relative contribution of branched isomers of PFOA and PFOS increa-
ses with increasing age of the infiltrated water (Figure 3). The introduction of branched
PFOA and PFOS isomers to the environment is mainly expected to originate from the
ECF process. The change of ECF to telomerization-related PFOA production in 2002
would eventually lead to a steady reduction of branched isomers from surface waters in
the near future (De Silva and Mabury, 2006). This would mean that the relative contribu-
tion of the nonbranched PFOA becomes more important toward present time. This is in-
deed observed: the relative abundance of nonbranched PFOA isomers appears to
increase with decreasing age of the water sampled. When the mean contribution of the
branched isomers to total PFOS in the several water bodies samples is compared (using
one way ANOVA with a Scheffe post hoc in SPSS v18), it appears that contributions are
significantly different between seawater (38+26%) and the two surface water bodies: in-
filtrated river water (83+£17%) and Dutch freshwaters (63%5%). Within the infiltrated
river water and Dutch freshwater bodies no significant difference was observed (see
Table Sg in the SI for P values). Houde et al. (2008) found similar percentages of bran-
ched PFOS isomers in lake Ontario water: 43-57%. Apart from changes in emissions over
time, isomer profiles may change as a result of stronger sorption of certain isomers. One
of the possible explanations is that branched isomers are more hydrophilic (e.g., be-
cause of a lower molecular volume requiring less energy to create a cavity in water)
than nonbranched, resulting in a larger part of the branched isomers remaining in solu-
tion.
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Figure 3 Concentrations of nonbranched and branched isomers of PFOA (top panel) and PFOS (bottom panel)
along the transect sampled in infiltrated river water body (Distance o is the infiltration ditch; water flows from
left to right (see Figure 1), corresponding with young water to aged water)..

4.3.5 Environmental Relevance
The fate and behavior of PFAAs in the environment remain complicated to assess. The
results from the present study show that various water bodies may become contamina-
ted by PFAAs from different sources. PFOA and PFHXS observed in infiltrated rainwater
are likely to originate from atmospheric transport of precursors. Why PFHxXS is more do-
minant than, e.g., PFOS in infiltrated rainwater is unclear. Data on PFHxXS are scarcer
than those on PFOS. Sorption to particles of the Cg is stronger than of the Cg com-
pound and may in part explain the differences observed. The increasing trends of PFAA
levels observed in infiltrated river water over time reflect increasing emissions along the
river Rhine, despite the ban on ECF production of PFOS in Europe and North America.
The major components of the PFAA pattern in observed infiltrated river water (PFBS,
PFOA, and PFQS) are all known to be emitted by point sources such as sewage and
wastewater treatment plants. However, no differentiation in the following important pro-
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cesses can be made yet: sorption, degradation, formation from precursors, changes in
emissions and input over time, as congener specific information on such processes is
lacking. As far as the drinking water production is concerned, based on the results of
this study it can be inferred that fast and slow sand filtration will not remove PFAAs. It
is estimated that drinking water consumption from sources near or in contaminated
areas is one of the most important exposure pathways of PFAAs for humans. One
human biomonitoring study concluded that exposure to PFOA via drinking water can
lead to 4- to 8-fold higher blood serum levels compared to unexposed groups (Wilhelm
et al., 2009). As for the Dutch drinking water practice, margins to existing guideline va-
lues that have been shown to be approached in heavily contaminated areas (Schriks et
al., 2010) are sufficiently large in the case of PFOA and PFOS in the area sampled.

Supporting Information
Supplementary data to this chapter can be found online at: http://pubs.acs.org.
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