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Chapter 1 Introduction

This introduction gives a broad overview of the terminology and classification of perfluo-
roalkyl acids (PFAAs) (1.1), the physico-chemical properties (1.2), sources and environmental
fate (1.3), precursors of PFAAs (1.4), human exposure, serum levels and guideline values
(1.5), removal of PFAAs from water (1.6), justification of the research (1.7), objectives of the
thesis (1.8) and research questions (1.9) are discussed. Chapter 2 reviews the presence of
PFAAs in surface, ground and drinking water and the removal of PFAAs from water. 

1.1 PFAAs: Terminology and classification
The work performed in this thesis focusses on PFAAs (see Table 1 and Figure 1). These
compounds are part of a larger group of chemicals named the poly and perfluoroalkyl
substances (PFASs). PFASs consist of non-polymers and polymers. Non-polymers receive
by far the largest deal of scientific attention while the polymers are commercially more
interesting and produced in larger volumes. 

Non-polymers consist of the PFAAs, perfluoroalkane sulfonyl fluorides (POSFs), perfluo-
roalkane sulfonamides (FOSAs), perfluoroalkane sulfonamidoethanols (FOSEs), perfluo-
roalkyl iodides and perfluoroalkyl aldehydes and the polyfluoroalkyl substances:
perfluoroalkane sulfonamido derivatives, fluorotelomer (FTOH) based compounds. They
have a hydrophilic group such as a carboxylate or a sulfonate and a hydrophobic poly or
per-fluorinated carbon chain of varying length (Figure 1 and Table 1). In general in the
environment PFASs can be ionized, and consequently they are water soluble (e.g. PFAAs
such as perfluorooctanoic acid (PFOA)) or they can be neutral, and volatile, such as the
fluorotelomer alcohols (FTOH).
The polymers consist of the fluoropolymers (carbon only with fluoride directly attached,

e.g. polytetrafluoroethylene (PTFE)), perfluoropolyethers (carbon and oxygen backbone
with fluorines directly attached to carbon) and the side-chain fluorinated polymers.
(Buck et al., 2011). 

Figure 1 Structure of a PFAA (perfluorooctanoate, PFOA) with the hydrophobic tail and hydrophilic head group

shown



Acronym Analyte molecular structure

Perfluorocarboxilic acids
PFBA Perfluorobutanoic acid C3F7COOH
PFPeA Perfluoropentanoic acid C4F9COOH
PFHxA Perfluorohexanoic acid C5F11COOH PFBA
PFHpA Perfluoroheptanoic acid C6F13COOH
PFOA Perfluorooctanoic acid C7F15COOH
PFNA Perfluorononanoic acid C8F17COOH
PFDA Perfluorodecanoic acid C9F19COOH
PFUdA Perfluoroundecanoic acid C10F21COOH
PFDoA Perfluorododecanoic acid C11F23COOH
PFTrDA Perfluorotridecanoic acid C12F25COOH
PFTeDA Perfluorotetradecanoic acid C13F27COOH

Perfluorosulfonic acids
PFBS Perfluorobutane sulfonic acid C4F9SO3H PFBS
PFHxS Perfluorohexane sulfonic acid C6F13SO3H
PFOS Perfluoroocatane sulfonic acid C8F17SO3H
PFDS Perfluordecane sulfonic acid C10F21SO3H

Fluorotelomer alcohols
4:2 FTOH 4:2 Fluorotelomer alcohol C6F9H4OH 6:2 FTOH
6:2 FTOH 6:2 Fluorotelomer alcohol C8F13H4OH
8:2 FTOH 8:2 Fluorotelomer alcohol C10F17H4OH
10:2 FTOH 10:2 Fluorotelomer alcohol C12F21H4OH

PFAS have been used in a broad variety of applications since the 50s of the 20th century
because of their excellent thermal, biological and chemical stability and outstanding
water, dirt and fat repellent and surface tension lowering inducing properties in the
products used (Kissa, 2001). Examples are the water proofing of textiles such as jackets
and carpets (mainly the FTOHs, FOSAs and FOSEs), aqueous film forming foams (AFFF),
paints, photo paper, and food packaging materials (FTOH based polymers). (Dinglasan
et al., 2004; Kissa, 2001)

PFAS are exclusively anthropogenic chemicals produced via two distinct production path-
ways: electrochemical fluorination (ECF) and fluorotelomerization (iodide oxidation, olefin
oxidation, and iodide carboxylation). The ECF production process, used for the majority of
the perfluorocarboxylic acids (PFCAs) from 1947 to 2002, yields a large number of
branched isomers. After the discontinuation of the ECF production process in 2002 by the
3M company in North America (production in China still continues), the fluorotelomeriza-
tion processes was mainly used to manufacture fluorotelomer alcohols and PFCAs. Fluo-
rotelomerization mainly yields even chain length perfluorinated iodides used as starting
material for the FTOHs and PFCAs production. (Buck et al., 2011; Prevedouros et al., 2006) 
Environmental presence of PFAAs was discovered in the early 2000 years as a result of
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Table 1 Overview of the PFAAs studied in this thesis
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the use, production and disposal of fluorinated surfactants and polymers. PFAAs were
found to be present in different environmental matrices such as oceans, rivers, biota,
serum (Hekster et al., 2003; Giesy and Kannan, 2001).

1.2 Physico-chemical properties of PFAAs
The reason why PFAS are used in a wide array of industrial and consumer products
stems from their peculiar and particular physico-chemical properties. The basis of the
peculiar characteristics lies in (i) the high electronegativity of fluorine, the most elec-
tronegative atom on the Pauling scale (χ = 4). The high electronegativity of the Fluoride
atom explains the highly polarized Cδ+–Fδ- bond and large dipole moment. (ii) The elec-
tronic configuration of fluorine (1s22s22p5), consisting of three lone pairs and one non-
bonding electron in the second (outer) shell. Hence the fluorine atom needs only one
electron to fill its outer shell and comply with the octet rule. The strong polarity sup-
presses the lone pair donation ability which one might expect on the basis of the elec-
tronic configuration. The consequence being that the fluorine mainly interacts with its
surrounding via dipole and electrostatic interactions. (iii) The excellent match between
the 2s and 2p orbital of fluorine and carbon. This results in the strong C-F bond (with
∆H ≈ 407 kJ/mol) and an effective shielding of the carbon atoms in a fully fluorinated
carbon chain. (O’Hagan, 2008)

The acid dissociation constant of the different PFAAs is a subject of much debate because
its importance as input parameter in risk-assessment models (Goss, 2008). The pKa deter-
mines the environmental behavior of PFAAs to a large extent. Figure 2 shows the
Log(pKa) of PFCAs available in the literature. The large standard deviation in the center of
Figure 2 corresponds to perfluorooctanoic acid (PFOA) for which a large number of vary-
ing experimental data is available. Figure 1 depicts PFOA at an environmental relevant pH
(about pH 7 in surface water and drinking water), at which the PFCA molecules are com-
pletely deprotonated. This is very important for the environmental fate of PFAAs since the
ionic head greatly contributes to the solubility of the PFAA molecule (see Prevedouros et
al., 2006). In a very recent paper Vierke et al. (2013) showed experimentally that pKa’s of
the PFCAs are less than 1.6 and those of PFSAs less than 0.3.

Figure 2 PFCA carbon chain

length plotted against mean re-

ported log(pKa) values. The large

standard deviation at chain

length 7 is caused by the devia-

tion in the literature data avail-

able. For shorter and longer chain

PFCAs fewer data points are avail-

able and therefore no error bars

can be given. Data taken from the

review by Krop et al. (in prep).



Another important chemical parameter in determining the environmental fate of a chemi-
cal is the octanol-water partitioning coefficient (Kow). The Kow is used in environmental
risk assessment models since it has been shown that partitioning in different environ-
mental matrixes (sediment and biota) is governed by the hydrophobicity of a chemical.
When a chemical is hydrophobic it will partition to the octanol phase, while a hy-
drophilic chemical will tend to move towards the water phase. The determination of
such parameters for PFAAs has been source of controversy since the surfactant-like be-
havior of PFAAs causes them to move to interfaces, thus with the tail in the octanol and
the ionic-head into the water and because of formation of emulsions at higher PFAA
concentrations during experiments. In order to be able to describe hydrophobic interac-
tions de Voogt et al (2012) introduced alternative hydrophobicity parameters. These
were measured on a HPLC system with a C18 column as a proxy for the octanol. Chapter
7 elaborates in depth on the role of the head and the tail in adsorption of PFAAs.

1.3 Sources and environmental fate 
Direct sources of PFAAs to the environment include release of a specific PFAA as such.
An example is the release of PFAAs from a fluoro-polymer production factory (via WWTP
or air stacks) where PFAAs are used as processing aids (Prevedouros et al., 2006). An-
other example is the leaching of PFAAs, present as residuals or integral part of the for-
mulation, from industrial or consumer products (e.g. AFFF). Indirect sources of PFAAs to
the environment comprise degradation of precursor compounds to a specific PFAA. Pre-
cursor compounds have been defined as any compound which contains a perfluoroalkyl
moiety with the formula CF3(CF2)n- (with n > 2) which is directly bonded to any other
chemical moiety other than a fluorine, chlorine or bromine atom1. In principle all com-
pounds containing such a completely fluorinated moiety can potentially be degraded to
PFAAs, making the number of potential candidates quite large. The degradation of FTOH
or POSF based chemicals (see Chapter 1.4), and fluoropolymers to PFAAs in the environ-
ment, human blood serum, and other matrices are specific examples (Ellis et al., 2004;
Dinglasan et al., 2004; Young and Mabury, 2010). 

Sources leading to the presence of PFAAs in the environment have been discussed by
Prevedouros et al. (2006). Similarly for POSF based chemicals (precursors of PFOS) an
overview is given by Paul et al. (2009). Environmental loads of PFOS calculated from en-
vironmental monitoring data, (110-10.000 t in oceans; 4-800 t in freshwater; 3-340 t in
sediments) corresponds to the estimated amounts released into the environment via di-
rect and indirect sources (3.200-7.300 t) (Prevedouros et al., 2006). It is difficult to as-
sess the current state of these numbers since a great deal of effort has been placed into
the reduction of emissions from fluorochemical production plants in recent years. For
perfluorooctane sulfonyl fluoride a total production of 122.500 t (including waste) has
been reported for the period 1950 to 2006 (Paul et al., 2009) and it was estimated that
450-2.700 t was released into the environment via WWTP (sum of direct and indirect
sources). The main environmental sink was estimated to be the oceans with a calculated
total load of 235-1770 t based on measured oceanic concentrations. This corresponds
fairly well to the emission estimates. POSF is the major raw material for the production
of PFOS, and derivatives: polyfluoroalkyl phosphate esthers (PAPs), and Acrylate
monomers (Buck et al., 2011). Since the publication of these reviews, PFOS
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1 -Definition based on the Environment Canada website: http://www.ec.gc.ca/ese-ees/default.asp?lang=En&n=370AB133-1 
Main difference being the length of n which is defined to be 6 or 7 by environment Canada.
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was placed on the Stockholm convention annex B list in 20092. In anticipation 3M (the
main producer) had phased out PFOS in Europe and North America in 2002 already.
Similarly for the PFCAs, under the PFOA stewardship programme initiated by the US-EPA,
the production shifted from mainly PFOA (C7), PFDA (C9) and PFUnA (C11) yielding syn-
thesis routes to PFBA (C3) and PFHxA (C5) yielding production processes (to be volun-
tarily completed by 2015)3 (with Cn the number of CF2 units). Little quantitative
information on the changes in production processes is available yet, however production
of POSF was increased dramatically in China after the ban in Europe and North America
from about 30 t in 2001 to 200 t in 2006 (Lim et al., 2011; Buck et al., 2011). 

As a result of the shifts in production and emission in North America and Europe, con-
centrations of PFOA, PFOS and longer chain PFAAs have been observed to decrease in
human serum (see section 1.5) and in the environment (Butt et al., 2007). As an exam-
ple, Figure 3 shows the rapid environmental decrease of PFOS in Guillemot eggs after
the European phase out of PFOS (Holmström et al., 2005). In contrast to the decrease of
PFOS and PFOA, the short chain alternatives such as PFBA, PFBS and PFHxA have been
observed to increase in North America and Europe. In China concentrations of PFOS
have been observed to increase (see Chapter 1.5).

2 - http://chm.pops.int/Convention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx
3 - http://www.epa.gov/oppt/pfoa/pubs/stewardship/

Figure 3 PFOS concentration in Guillemot eggs with two year moving average shown 

(data from Holmström et al., 2005).



1.4 Precursors of PFAAs
When comparing the influent and effluent PFOA concentrations in water from a waste-
water treatment plant (WWTP), an increase in the effluent of PFOA concentrations is
often observed and has been reported to be significant in several papers (Sinclair and
Kannan, 2006; Loganathan et al., 2007). An example is the PFOA increase from 83 ng/L
to 155 ng/L reported by Loganathan et al. (2007). More dramatic increases of up to 50
times the influent concentration have been observed in WWTP effluents (Dauchy et al.,
2012). Invariably although not proved, the increase is attributed to the (bio)degradation
of “precursor compounds” during the activated sludge treatment step. Figure 4 gives a
compilation of influent vs. effluent data from a series of sampled WWTP influents and
effluents. It shows that about 80% of the data points are above the 1:1 line and, conse-
quently, demonstrates that formation of PFCAs occurs in WWTPs. The potential precur-
sors responsible for this phenomenon are numerous and remain a source of scientific
interest (e.g. the current German Umweltbundesamt precursor project aiming at identify-
ing PFOA precursors in wastewater). 

The degradation of (residual) monomers used for side-chain fluorinated polymer produc-
tion, has been postulated to be part of the indirect sources and pathways to environ-
mental and human exposure of PFAAs. Despite the large amount of fluorine containing
polymers produced little quantitative and qualitative information is available on their
contribution to (indirect) PFAA input in the environment. This is a key uncertainty in as-
sessing the sources of PFAAs to the environment. It was reported that 33 fluoropoly-
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Figure 4 Influent and effluent PFOA concentration (ng/L). Dotted line shows the 1:1 relation between influent and

effluent, data compiled from (Boulanger et al., 2005; Schultz et al., 2006; Loganathan et al., 2007; Becker et al.,

2008; Bossi et al., 2008; Kunacheva et al., 2011; Pan et al., 2011).
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mers, side-chain fluorinated polymers and perfluoropolyethers manufacturing sites in the
world together have a total global production capacity of about 144000 t in 2002
(Prevedouros et al., 2006).

Fluoropolymer degradation studies seem to focus on the side-chain fluorinated polymers
consisting of fluorotelomers (eg. fluorotelomer alcohols, fluorotelomer acrylates, fluo-
rotelomer iodides and fluorotelomer olefins which degrade to PFCAs) (see Figure 5 for
an example) or POSF based moieties (e.g. N-EtFOSEs which degrade to PFSAs).
Biodegradation studies with side-chain fluorinated polymers have been performed by
Russell et al. (2008) and Washington et al. (2009) who observed low degradation rates.
The differentiation between the degradation of precursors to PFAAs and the leaching of
residual PFAAs originally present in the polymer (see e.g. Dinglasan et al., 2004) from
the fabric/material is almost impossible to make and was a problem in both studies. The
degradation of polyfluoroalkyl substances (non-polymer) substances such as FTOHs, has
been studied more extensively. Although the degradation of PFAAs should theoretically
(based on the thermodynamics) be possible (Parsons et al., 2008), no evidence of -CF2-
chain degradation of PFAAs has been published yet.

Degradation pathways of PFAA precursors such as 8:2 FTOH (see Table 1 for structure),
have been extensively studied (Wang et al., 2005a). Precursor compounds containing a va-
riety of functional groups (hydroxyl, ester) and C2H4 moieties (the FTOHs) are prone to
(bio)degradation into PFAAs or other degradation products. Froemel and Knepper (2010)
summarized metabolic pathways for polymers and FTOH degradation. Fluorotelomer based
polymers are suspected to be hydrolyzed at the ester linkage between the monomer and
carbon backbone of the chain (see Figure 5). Typically for a hydrolysis reaction an –OH
group will add to the C of the carbonyl group and a proton to the O creating an alcohol: a
FTOH (not shown in Figure 5). This in turn will be degraded by well known pathways: oxi-
dation of the alcohol to the corresponding aldehyde, followed by formation of the car-
boxylic acid and the unsaturated carboxylic acid (Washington et al., 2009). After this step,
several pathways have shown to yield different PFAAs (Wang et al., 2005b).

Figure 5 Hypothesized degradation process of a side-chain fluorinated acryl polymer.



1.5 Human exposure, serum levels and guideline values
Dermal exposure, dietary intake, dust intake, in- and out-door air, drinking water intake,
consumer articles and precursors are human exposure pathways to PFAAs (Vestergren and
Cousins, 2009). Dietary intake has been shown to be the most important pathway, particu-
larly fish and other seafood and vegetables as main contributors for PFOS and only veg-
etables as main contributors for PFOA (EFSA, 2012; Perfood, 2013; Klenow et al., 2013).
The relative importance of drinking water to total exposure depends on the concentrations
used for the exposure modelling and will vary for the different PFAAs and geographical lo-
cations studied. Noorlander et al. (2011) calculated that an assumed drinking water con-
centration of 9 ng/L of PFOA already was responsible for 55% of the total human
exposure. Vestergren and Cousins (2009) found that concentrations of PFOA in drinking
water of 40 ng/L only contributed to about 10% of human exposure. Contributions of
water intake to the total exposure have thus been shown to vary and are often depending
on the local water contamination. For PFOA it has been shown that an approximate 100:1
ratio exists between serum and water concentrations, when drinking water is the major
source of exposure (Post et al., 2012). Thus an increase of 1 ng/L in water will cause and
increase of 0.1 ng/mL in serum. 

It has been shown that the human body burden of PFAAs, reflected in the average serum
concentrations found worldwide, is stemming from exposure to PFAAs and exposure to pre-
cursor compounds which can be metabolized into PFAAs (D’eon and Mabury, 2011a and
2011b; Vestergren and Cousins, 2009). In a comprehensive review by Post et al. (2012) aver-
age background values between 2 and 8 ng/mL serum in the industrialized world were re-
ported. For occupationally exposed humans concentrations above 100 ng/mL have been
reported. After the PFOS and PFOA phase out (see section 1.3) human serum concentrations
of PFOS and PFOA have decreased in Europe and North America as shown in Figure 6, while
concentrations have increased in Asian countries (namely China). Increase of PFOS and PFOA
concentrations in human blood was observed in China by Chen et al. (2009). New short
chain alternatives to the PFOA and PFOS have been observed to increase in human serum.
Figure 6 shows the increase of PFHxS and PFBS. 

Half-lives of PFAAs in humans have been found to increase with increasing chain length,
where the sulfonic acids had longer half-lives (e.g. PFOS = 8.7 y) than the carboxylic
acids (PFOA = 4.4 y). Possibly biodegradation of precursors compounds could have
caused the long half-lives (Burris et al., 2002). The long half-lives of PFOA and PFOS in
serum are stemming from their partitioning to the liver and serum primarily where they
are bound to the albumin and other proteins (Jones et al., 2003; Han et al., 2003). Short
chain PFAAs have been shown to have a much shorter half-life: 75 h for PFBA (Chang et
al., 2008). Half-lives reported for other species, e.g. monkeys, are remarkably shorter
(Lau et al., 2007; Lieder et al., 2009).

Based on a risk assessment performed by the European Food Safety Agency (EFSA) in
2008 tolerable daily intakes (TDI) of 150 ng/kg bw/day and 1.5 μg/kg bw/day for PFOS
and PFOA, respectively were proposed (Johansson et al., 2009). The Minnesota Depart-
ment of Health proposed a TDI of 2.8 μg/kg bw/day for PFBA (Wilhelm et al., 2010). Ob-
served acute toxicological endpoints (based on rat and monkey toxicity data mainly) for
PFOS were effects on the liver and thyroid, and for PFOA effects on the liver, fetal devel-
opment, reduction in red blood cell numbers, and immune system changes. Chronic toxic-
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ity data have so far only been obtained from experiments with rats and it was argued
that toxicology outcomes described above and used for the derivation of guideline values
might not represent the most sensitive endpoints (Grandjean and Budtz-Jørgensen, 2013).

Guideline values for drinking water concentrations differ per country in general and are
derived assuming a 10% or 20% source contribution to the TDI from water (2 L intake
per day, average body weight 70 kg). The German drinking water commission (TWK,
2006) calculated a lifelong health based guideline value of 300 ng/L for the sum of
PFOA and PFOS. The US-EPA (Environmental Protection Agency) developed provisional
health advisories of 400 and 200 ng/L for PFOA and PFOS respectively. The state of
New-Jersey, USA determined a lower guidance value of 40 ng/L for PFOA (EFSA, 2008).
In Northern Europe guideline values were proposed based on immunotoxicity response
in a birth cohort from the Faroe islands. It was shown that a benchmark response of
5% was obtained at serum concentrations of 1.3 ng/mL for PFOS and 0.3 ng/mL for
PFOA (Grandjean and Budtz-Jørgensen, 2013). Wilhelm and co workers (2010) proposed
a drinking water guideline value of 7 μg/L which was based on a NOAEL of 6.9 mg/kg
bw. Although no guideline values are available for all the short chain PFAAs, PFBS,
PFBA and PFHxA have a much lower toxicity than the longer chain PFAAs such as PFOA
and PFOS (Wilhelm et al., 2010).

Official environmental quality standards (EQS) from the EU are not available yet for PFOS.
The Dutch RIVM proposed a tentative values of 0.65 ng/L for PFOS (Moermond et al., 2010)
which is lower than the average background concentrations of PFOS encountered in Euro-
pean surface waters (see Chapter 2 for PFOS concentrations in European surface waters).

Figure 6 Temporal trends of human serum concentrations of PFHxS and PFOS on the (left axis) and PFBS (right 

y-axis), data taken from Glynn et al (2012). 



1.6 Removal of PFAAs from water 
Investigation into the removal of PFAAs from water started as a result of calamities
where aqueous film forming foams containing PFOS were mixed with water. An exam-
ple is the fire that occurred at a refinery in Missouri, USA where 1.1 million gallons of
AFFF contaminated wastewater was generated and stored because no remedial tech-
nology to remove PFOS from the contaminated water was available yet. In this case
the Fire Fighting Foam Coalition (AFFC)4 was able to bring officials in contact with
employees to assist with the remediation of the wastewater. A trailer system with
two pressure vessels containing 5000 pounds each of granular activated carbon
(GAC) was able to treat the wastewater in 15 days. Another well known example of
such a remediation action occured at the Buncefield oil depot in the UK where an ex-
plosion occured in December 2005 (Atkinson et al., 2008). These examples illustrate
the first specific use of GAC for the removal of PFOS and related substances from
water. In the present time GAC still remains the main technology for removal of
PFAAs from water or wastewater. Removal technologies known to remove PFAAs to a
better extent such as reverse osmosis or nano filtration (Tang et al., 2006) are not
used on a large scale since they are expensive. The removal of PFAAs from water is
investigated in much more detail in this thesis, see Chapter 2 (review), Chapter 5
(behavior of PFAAs during drinking water treatment) and Chapter 7 (adsorption beha-
vior of PFAAs).

1.7 Justification of the research 
Although the science of PFAAs started in the 1950s already (Kissa, 2001) the environ-
mental scientific interest only arose in the new millennium. The first comprehensive stu-
dies (e.g. Giesy and Kannan, 2001; McLachlan et al., 2007; Hekster et al., 2003) and
reports (e.g. de Voogt et al., 2006) dealt with the levels of PFAAs in different environ-
mental compartments. As the information on human exposure pathways grew larger it
was shown that human exposure through the diet and drinking water can be important.
However, the origins of PFAAs in the diet remained obscure. As a consequence of this
observation, the European PERFOOD project5 was initiated where the origin of the PFAAs
in the diet and the diet’s contribution (including drinking water) to the total human
body burden was assessed. In this thesis the presence of PFAAs in drinking water and
their corresponding origins were assessed. 

1.8 Objectives of the thesis
At the start of this work it was known that PFAAs were present in surface waters, and
that there was a relation between observed raw water concentrations and corresponding
drinking water concentrations (Takagi et al., 2008). However, scientific papers provided
very few insights into the actual sources of PFAAs to the groundwater or surface waters
used for drinking water production. Furthermore the actual behavior of PFAAs within the
drinking water treatment works was often considered as a “black box”. The general ob-
jective of the present thesis was to gain insight in the presence and the behavior of
PFAAs in the drinking water production process. Studying the sources to drinking water,
concentrations of PFAAs in drinking water, and the behavior of PFAAs during drinking
water treatment were the aim of the first part of this thesis. Based on the knowledge
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4 www.fffc.org acces date 30-7-2013
5 www.perfood.eu accessed 24-08-2013
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gained from the first part, novel materials that can be used for the removal of PFAAs
from drinking water were investigated. 

1.9 Research question 
Overall the following research questions were formulated:

1. To what extent are PFAAs present in the water resources used for drinking water 
production and what are the origins of these compounds?

Chapter 2 reviews in depth the presence of PFAAs in European surface waters, ground-
water and drinking water together with the removal technologies applied in drinking
water production. Chapter 3 tracks the sources of PFAAs to groundwater and shows
which sources are important for drinking water. Chapter 4 addresses the sources of dif-
ferent PFAAs to surface waters and infiltrated rainwater in a sandy dune infiltration area. 

2. What is the influence of the drinking water production processes and beverage 
production processes on the PFAAs present in the raw drinking water?

In Chapter 5, the behavior of PFAAs during the different treatment steps of a drinking
water treatment plant is studied. This Chapter investigates the removal of different
PFAAs in relation to the nature of the head group and the length of the fluorinated car-
bon chain. In Chapter 6 the sources of PFAAs to high consumption tap-water based be-
verages is investigated. 

3. How can the removal of PFAAs from drinking water be optimized on the basis of the 
physical-chemical characteristics of PFAAs and the nature of sorbent materials?

In Chapter 7 the potential of traditional and novel sorbent materials to remove PFAAs
from water are investigated.

In Chapter 8 a Synthesis and Outlook of the work is presented. 

The work described in this thesis was carried out at the KWR Watercycle Research Insti-
tute and the University of Amsterdam-IBED within the framework of the EU-FP7 project
PERFOOD, the TTIW-cooperation framework of Wetsus, centre of excellence for sustaina-
ble water technology and the European Marie Curie Research Fellowship Programme.


