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Summary
Perfluoroalkyl and polyfluoroalkyl substances (PFASs) have been widely used since 1950 in various
consumer products as well as in industrial applications owing to their unique properties, e.g. being
hydrophobic and lipophobic at the same time. Nowadays, some of these persistent and man-made
PFASs can ubiquitously be found in humans, wildlife and various environmental media. One
prominent representative of concern, belonging to the subgroup of perfluorocarboxylates (PFCs) and
their conjugate acids (PFCAs), is perfluorooctanoat (PFO) and its conjugate acid (PFOA). Because of its
adverse effects on human health and its persistency in the environment industry has started to
replace PFO(A) and related long chain chemicals (with seven and more fully fluorinated carbon
atoms) with so-called short chain PFASs (less than seven fully fluorinated carbon atoms), including
precursors of PFC(A)s. Also these short chain PFC(A)s are persistent and can already be found in
humans, ground- and drinking water and in remote regions. However, knowledge gaps exist in
understanding the partitioning and the resulting mobility of short chain PFC(A)s in the environment.
This is due to the fact that partitioning data of PFC(A)s from standardised experiments can easily be
biased by various artefacts, e.g. self-aggregation of the molecules.
Therefore, the objectives of this thesis are (i) to quantify the partitioning of PFC(A)s into mobile
environmental media, (ii) to show how results from non-standard tests can be used to assess
substance properties of concern and (iii) to conclude on whether the environmental exposure to
short chain PFC(A)s is of concern from a regulatory point of view.
In the first part of this thesis, the environmental mobility of short chain C4-7-PFC(A)s was
investigated by quantifying their partitioning under non-standardised semi-environmental conditions
into mobile environmental media, focusing on water and air, and comparing it to long chain PFC(A)s.
Results are:
 Partitioning between water and particles in the aeration tank, primary and secondary
clarifier of a wastewater treatment plant (WWTP) showed no distinct differences for short
chain PFC(A)s compared to their long chain homologues (Paper 1). In a water-saturated
sandy sediment column short chain PFC(A)s were not retarded, whereas long chain
homologues were retarded by sorption to the sediment (Paper 2).
 Atmospheric particle-gas partitioning showed a lower fraction sorbed to particles for short
chain PFC(A)s compared to long chain ones in samples from a WWTP (Paper 3).
 Air-water concentration ratios based on samples from the tanks of a WWTP were found to
be higher for short chain PFC(A)s compared to long chain PFC(A)s (Paper 1). Additionally, in a
newly developed experimental set-up the water to air transfer was used to derive that the
pKa of C4-11-PFCAs must be <1.6 instead of up to 3.8 as reported in the literature (Paper 4).
Overall, in the investigated systems short chain PFC(A)s showed a higher mobility due to a more
pronounced partitioning into mobile environmental media compared to long chain PFC(A)s.
In the second part of the thesis it was shown how PFO(A) - owing to its persistent,
bioaccumulative and toxic (PBT-)properties – was in the context of this thesis successfully assessed as
a substance of very high concern according to the criteria of the European REACH Regulation (EC No
1907/2006) by using data from non-standard tests (Paper 5).
In conclusion, based on the knowledge of the high environmental mobility of short chain PFC(A)s
and taking into account the argumentation of the PBT-concern of PFO(A), environmental exposure to
short chain PFC(A)s is of concern and existing knowledge is already sufficient to initiate measures to
prevent emissions of short chain PFC(A)s and their precursors into the environment.
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1.1

Motivation Background and aim of the thesis
Perfluoroalkyl and polyfluoroalkyl substances (PFASs)

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) (Buck et al. 2011) have been used in different
industrial as well as consumer applications since 1950 (OECD 2013; Prevedouros et al. 2006). The
group of PFASs comprises more than 800 substances(OECD 2007). At the beginning of the 21st
century, research started to focus on environmental aspects of these substances. Concerns raised
when some PFASs were ubiquitously found in the environment and in humans (Giesy and Kannan
2001; Hansen et al. 2001). PFASs can be detected in almost all environmental media, even in remote
regions, whereby natural sources are unknown. For example, findings are reported for rivers
(McLachlan et al. 2007), tap water from Europe (Llorca et al. 2012; Skutlarek et al. 2006) and
Australia (Thompson et al. 2011), remote surface waters such as the Greenland Sea or the Atlantic
Ocean (Zhao et al. 2012), the global atmosphere (Dreyer et al. 2009) and polar bear liver (Martin et
al. 2004). In addition, PFASs are also present in human blood of the general population (Yeung et al.
2013; Hölzer et al. 2008).
Due to their hydrophobic and lipophobic properties, PFASs are used in different consumer
products to make them water-, grease- and stain-repellent (Kissa 2001; OECD 2013). Examples are
papers and textiles, such as carpets and outdoor clothing (Herzke et al. 2012; Wang et al. 2013).
Furthermore, certain PFASs are used in fire fighting foams or in industrial processes, such as chrome
plating or as processing aid in the production of fluorpolymers (Prevedouros et al. 2006; Wang et al.
2013). PFASs are released into the environment from industrial sites, where they are produced or
used (Prevedouros et al. 2006). In addition, PFASs-containing products are sources of PFASsemissions into the environment during their whole life cycle, i.e. during their production, use (e.g.
laundering of textiles) and disposal (Wang et al. 2013; Prevedouros et al. 2006).
The most known and best investigated long chain PFASs are perfluorooctane sulfonate (PFOS) and
perfluorooctanoate (PFO, and its conjugate acid, PFOA). PFOS has been included as a persistent
organic pollutant (POP) into the international Stockholm Convention and therefore the parties of this
convention restricted the production and use of PFOS (United Nations 2009). PFO(A) and its
ammonium salt both are listed as substances of very high concern according to the European REACH
Regulation (Registration, Evaluation, Authorization and Restriction of Chemicals, EC No 1907/2006)
due to their persistent, bioaccumulative and toxic (PBT-)properties as well as due to their toxicity for
reproduction (European Chemicals Agency 2013a, b). PFOS has eight and PFO(A) has seven fully
fluorinated C-atoms and both are part of the so called long-chain homologues (minimum of seven
fully fluorinated C-atoms) within the PFASs-group. PFOS belongs to the subgroup of perfluoroalkyl
sulfonates (PFSAs) whereas PFO(A) belongs to the subgroup of perfluoroalkyl carboxylic acids (PFCAs,
and their conjugate bases, PFCs, see Figure 1).
Furthermore, substances which can degrade under environmental conditions to PFC(A)s and
PFSAs, the so called precursors, belong to the group of PFASs (Buck et al. 2011). Known precursors
for PFC(A)s are for example fluorotelomer alcohols (FTOHs). FTOHs are also globally distributed in the
environment, as for example shown by findings in the atmosphere over the Atlantic Ocean and the
Antarctic (Dreyer et al. 2009).
When humans and the environment are exposed to POP- and PBT-substances like PFOS and
PFO(A) long-term effects are not predictable and therefore exposure of humans and the
1

environment to such substances needs to be minimized. Based on structural similarities and
environmental findings it is expected that other PFSAs and PFC(A)s are also persistent. In addition,
long chain homologues are known to be highly bioaccumulative. Hence, C11-14-PFCAs have been
identified as substances of very high concern under REACH due to their very persistent and very
bioaccumulative (vPvB) properties (European Chemicals Agency 2012a d).
1.2

Shift to short chain PFASs

Due to the restriction of PFOS-uses and the knowledge of the critical properties of long chain ≥C8PFC(A)s, use patterns of PFASs in their various applications are nowadays shifting to short chain
PFASs at least in the US and Europe (Ritter 2010; Herzke et al. 2012). Short chain PFC(A)s are defined
as PFC(A)s with less than seven fully fluorinated C-atoms (C4-7-PFC(A)s). Eight of the main PFASs
producers have agreed with the Environmental Protection Agency of the United States to eliminate
long chain PFC(A)s, such as PFO(A), its precursors and even longer chain homologue substances from
products and emissions until 2015 (Environmental Protection Agency United States 2013). Besides
these producers, also downstream users are planning to phase-out certain PFASs, as for example
announced by brands of the apparel and footwear industry (Zero Discharge of Hazardous Chemicals
Programme 2013). Due to the special properties of PFASs, short chain PFASs are used as alternatives
for the long chain PFASs in many applications (Wang et al. 2013; Rotander et al. 2012; Ritter 2010).
Some of these alternatives are precursors of PFC(A)s, like 6:2 FTOH and 4:2 FTOH. Under
environmental conditions these precursors may then degrade to the respective short chain PFC(A)s
(Buck et al. 2011), e.g. perfluorohexanoate and its acid (PFHx(A), C6-PFC(A)) or perfluorobutanoate
and its acid (PFB(A), C4-PFC(A)) (see Figure 1).

Perfluorooctanoic acid
C8-PFCA, PFOA
Perfluoroheptanoic acid
C7-PFCA, PFHpA

Perfluorohexanoic acid
C6-PFCA, PFHxA
Perfluoropentanoic acid
C5-PFCA, PFPA
Perfluorobutanoic acid
C4-PFCA, PFBA

F F F F F F F O
F C C C C C C C C
F F F F F F F O H
F F F F F F O
F C C C C C C C
F F F F F F O H
F F F F F O
F C C C C C C
F F F F F O H
F F F F O
F C C C C C
F F F F O H
F F F O
F C C C C
F F F O H

Figure 1: Chemical structures of C8-PFCA (representative of long chain PFCAs) and short chain (<C8-PFCAs) perfluoroalkyl
carboxylic acids (PFCAs).

The shift from long chain PFASs to short chain homologues is backed by data on e.g.
hepatotoxicity or reproductive toxicity of short chain PFC(A)s, which indicate that short chain PFC(A)s
are not as toxic as their long chain homologues (Agency for Toxic Substances and Disease Registry
2

2009; Das et al. 2008; Borg et al. 2013). Furthermore, PFHx(A) has a greater elimination rate in rats
and in humans compared to PFO(A) (Russell et al. 2013; Chang et al. 2008), which might indicate a
lesser bioaccumulation potential for short chain PFC(A)s compared to long chain PFC(A)s. PFC(A)s
generally do not enrich in lipids but strongly bind to proteins (Bischel et al. 2011), which triggers the
need to take results from non-standard bioaccumulation test into account instead of e.g.
bioconcentration studies in fish. Besides PFO(A) and other long chain PFC(A)s also short chain PFC(A)s
have already been found in humans (see Table 1). In the blood of occupationally exposed humans all
homologues of short chain PFC(A)s were present (Nilsson et al. 2010). Additionally, in the blood and
breast milk of the general population short chain PFC(A)s were already detected (Yeung et al. 2013;
Kubwabo et al. 2013). Furthermore, short chain PFC(A)s have been found in groundwater samples
(Gellrich et al. 2012; Gellrich et al. 2013) and in snow and surface water samples from remote regions
(Benskin et al. 2012; Kirchgeorg et al. 2013) (see Table 1). Overall, these findings are of concern,
because short chain PFC(A)s or their precursors must have been released into the environment and
are obviously able to reach humans and different environmental media. Under environmental
conditions short chain PFC(A)s are persistent, as confirmed by structural similarities to long chain
PFC(A)s and estimated atmospheric half-lives of over 130 days for PFBA and Perfluoropentanoic acid
(PFPA). The half-life estimation is based on measurements of the reaction with OH radicals (at 700
Torr of air at 296 K) (Hurley et al. 2004).
Table 1: Examples of findings of PFB(A), PFP(A), PFHx(A), PFHp(A) and PFO(A) in humans and the environment.
PFB(A)

PFP(A)

PFHx(A)

PFHp(A)

PFO(A)

Reference

Human blood
general
population

-

-

<0.01 − 0.1
ng mL−1
in less than
10% of all
samples

0.02 − 2.2
ng mL−1
in all samples

0.1 − 39
ng mL−1
in all samples

(Yeung et
al. 2013)

Human blood
occupationally
exposed ski
waxers

<0.6 − .
ng mL−1

<0.6 − 0.1
ng mL−1

<0.07 − 12
ng mL−1

<0.4 − 20
ng mL−1

4.8 − 470
ng mL−1

(Nilsson et
al. 2010)

Groundwater

3 ng L−1 median
in 17% of the
samples

8 ng L−1 median
in 9% of the
samples

4 ng L−1 median
in 14% of the
samples

2 ng L−1 median
in 10% of the
samples

3 ng L−1 median
in 27% of the
samples

(Gellrich et
al. 2012)

Tap water

2 ng L−1 median
in 19% of the
samples

2 ng L−1 median
in 19% of the
samples

2 ng L−1 median
in 23% of the
samples

1.5 ng L−1
median
in 12% of the
samples

2.6 ng L−1
median
in 19% of the
samples

(Gellrich et
al. 2013)

Arctic surface
water

-

-

2.9 65
pg L−1

11 − 84
pg L−1

6.5 − 54
pg L−1

(Benskin et
al. 2012)

Alpine snow

0.3 − 1.8
ng L−1

n.d. − 0.4
ng L−1

0.06 − 0.34
ng L−1

0.04 − 0.22
ng L−1

0.2 − 0.6
ng L−1

(Kirchgeorg
et al. 2013)
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1.3

Research needs

Short chain PFC(A)s seem to have a lesser potential for bioaccumulation (Russell et al. 2013; Chang et
al. 2008) and for some endpoints a lesser acute toxicity (Agency for Toxic Substances and Disease
Registry 2009; Das et al. 2008; Borg et al. 2013) compared to long chain PFC(A)s. But findings of short
chain PFC(A)s in human bodies and the environment including remote regions (see Table 1) raise
questions on the mobility and distribution of these substances in the environment. It can be assumed
that the properties and behaviour of short chain PFC(A)s in the environment can be derived from
those of long chain PFC(A)s due to the structural similarities of these homologues. Nevertheless, such
a read-across is challenged by two facts: (i) Also for long chain PFC(A)s the mobility in the
environment is not yet fully understood. (ii) There are indications that the environmental behaviour,
e.g. partitioning to solids, does not solely correlate with the chain length of PFC(A)s (Li et al. 2011).
Therefore, the mobility of short chain PFC(A)s is in the focus of this thesis.
In general, the environmental mobility of a substance is determined by its occurrence in mobile
environmental media like water and air. Data to quantify, to understand and to predict this mobility
of short chain PFC(A)s are so far missing. Investigations of short and long chain PFC(A)s in the
atmosphere are rare and only very few data are available on their occurrence in the gas phase (Kim
and Kannan 2007; Weinberg et al. 2011; Ahrens et al. 2011a; Ahrens et al. 2011b). The gas-particle
partitioning had not been investigated so far. In the aqueous environment PFC(A)s are present in
equilibrium between their acids and conjugate bases, whereby the contribution of each species
remains unclear because of high uncertainties in the experimentally determined pKa values of PFCAs
(Goss and Arp 2009; Burns et al. 2009). This is of relevance when acids and conjugate bases of
PFC(A)s have different properties, for example a higher vapour pressure of neutral acids compared to
their ionic bases (Barton et al. 2007). Furthermore, sorption to soil and sediment has been
investigated for long chain PFC(A)s with environmental samples (Ahrens et al. 2010; Kwadijk et al.
2010) or in laboratory studies (Enevoldsen and Juhler 2010) but only to a limited extent for short
chain PFC(A)s. There are indications that partitioning does not solely correlate with the chain length
of PFC(A)s (Li et al. 2011). Therefore, investigations under conditions relevant to assess the concern
of mobility are needed, e.g. related to drinking water.
1.4

Objectives of the thesis

Given the evidence from monitoring data that demonstrate the presence of short chain PFC(A)s in
different environmental media and in humans and the substantial uncertainties about the PBTproperties of short chain PFC(A)s, this thesis has the following objectives:
i)

ii)

4

To investigate the environmental mobility of short chain PFC(A)s by quantifying their a) solidwater partitioning (Paper 1 air-water and particle-water partitioning WWTP Appendix A1,
Paper 2 sediment-water partitioning enclosure Appendix A2), b) particle-gas partitioning
(Paper 3 particle-gas partitioning WWTP Appendix A3) and c) air-water partitioning (Paper 1
air-water and particle-water partitioning WWTP Appendix A1, Paper 4 pKa via water-to-air
transport Appendix A4; see chapter 2).
To show in analogy to the PFOA-case that and how results from non-standard tests can be
used in a weight of evidence approach to identify substances of very high concern under
REACH (Paper 5 PFOA concerns and regulatory developments Appendix A5; see chapter 3).

iii)

1.5

To come to a conclusion whether the environmental exposure to short chain PFC(A)s is of
concern from a regulatory point of view (see chapter 4).
Approach and methods

The first part of the thesis is focused on the partitioning of PFC(A)s into mobile environmental media
(see chapter 1). In general, the partitioning behaviour of organic chemicals can be determined with
different standardised laboratory experiments. However, due to the surface activity of PFC(A)s
results from laboratory experiments can easily be biased by various artefacts, such as enrichment of
these substances at interfaces (Psillakis et al. 2009; Higgins and Luthy 2006; Arp and Goss 2008) and
aggregation events (Cheng et al. 2009; López-Fontán et al. 2005). Beside experiments, it is possible to
calculate partition coefficients with established computational models, e.g. quantitative structureactivity relationship (QSAR)-models. However, the application of such calculations for PFC(A)s is
limited because properties can only be estimated for the acids of PFC(A)s, e.g. with quantum
chemistry-based models like COSMOtherm (Wang et al. 2011), and measured data for validating
model results are missing (Arp et al. 2006; Rayne and Forest 2009).
Within this thesis different experiments were developed and conducted to quantify the
partitioning of PFC(A)s into mobile environmental media. It is an outstanding feature of this thesis
that these experiments were mainly conducted under semi-environmental conditions. Experiments
under semi-environmental conditions were neither performed in a laboratory nor were samples
taken directly from the environment. Experimental sites were:
i)
ii)

a wastewater treatment plant (WWTP) (Paper 1 air-water and particle-water partitioning
WWTP Appendix A1 and Paper 3 particle-gas partitioning WWTP Appendix A3) and
an experimental facility for the simulation of riverbank and slow sand filtration (SIMULAF)
(Paper 2 sediment-water partitioning enclosure Appendix A2).

The SIMULAF facility can in part be controlled under well defined conditions and is located
outside under natural influences (Grützmacher et al. 2005). Compared to investigations in the
environment the WWTP and the SIMULAF facility both have the advantage of applying higher but still
environmentally relevant concentrations of PFASs. The semi-environmental test conditions help to
minimize the influence of biases on test results as observed in laboratory studies, for example the
enrichment of PFC(A)s at interfaces (Ju et al. 2008). A challenge of using these semi-environmental
conditions is the question to which extent results are comparable and transferable to other settings.
For example composition of particles within the WWTP (sludge) might differ from particles found in
the environment. Therefore, the particles from the WWTP are described as bio-solids in the
following.
Extraction and analysis of samples from the WWTP as well as the SIMULAF facility were
performed with established methods (Ahrens et al. 2010; Vestergren et al. 2012; Ahrens et al. 2007).
High-volume samplers and passive samplers were used for air sampling (Paper 1 air-water and
particle-water partitioning WWTP Appendix A1 and Paper 3 particle-gas partitioning WWTP Appendix
A3). Cartridges, for enrichment of the gaseous phase in high-volume air-sampling, were soxhlet
extracted. Soxhlet extraction was also used for the extraction of sorbent impregnated polyurethane
disks, which were used as passive air samplers. Filters from high-volume air samples were extracted
with solvents in a sonication bath. Water samples from the WWTP were filtrated and filters were also
5

extracted with solvents in a sonication bath (Paper 1 air-water and particle-water partitioning WWTP
Appendix A1). For water samples from the SIMULAF-facility (Paper 2 sediment-water partitioning
enclosure Appendix A2) as well as from the WWTP solid-phase extraction was applied. For all
extracts different concentration and clean-up steps, like nitrogen blow-down and sodium sulfate to
remove moisture, were needed before instrumental analysis could be performed. Instrumental
analysis was performed with high pressure liquid chromatography tandem mass spectrometry (HPLCMS/MS) for PFC(A)s and PFSAs and gas chromatography mass spectrometry (GC-MS) for other PFASs.
Details of sampling, sample preparation and instrumental analysis can be found in the respective
papers (papers 1, 2, and 3). The used instrumental analytics do not allow to distinguish between acid
and conjugate base of PFC(A)s. Due to an ionization step during analysis the sum of PFC(A) acids and
their conjugated bases is quantified in each sample.
In addition to the tests under semi-environmental conditions, a laboratory experiment was
designed to estimate the pKa values of PFCAs (Paper 4 pKa via water-to-air transport Appendix A4).
Due to biases reported for former experimentally determined pKa values, e.g. solvation in watersolvent systems or aggregation (Kutsuna et al. 2012), it was necessary to develop a new experimental
set-up to avoid such artefacts. For example in a previous study using a classical titration set-up a pKa
of 3.8 was derived for PFOA (Burns et al. 2008), which was questioned by others (Goss and Arp
2009). Basically, the set-up developed and used in this thesis consisted of plastic vessels with pH
adjusted water. Except of pH adjustment and solvent addition no sample preparation was needed
and a ultra performance liquid chromatography system coupled to tandem mass spectrometer
(UPLC-MS/MS) was used for instrumental analysis and quantification. Details can be found in paper
4.
The second part of the thesis is focusing on the regulatory perspective (see chapter 3). For the
PBT-assessment of PFO(A) under REACH it was necessary to take results from non-standard tests into
account, because bioaccumulation of PFO(A) is not covered by standard tests. Such a weight of
evidence approach (European Chemicals Agency 2010) was applied under REACH for the first time to
identify a substance of very high concern. The assessment of PFOA was done in connection with this
thesis (Paper 5 PFOA concerns and regulatory developments Appendix A5).
Finally, to come to a conclusion whether the environmental exposure to short chain PFC(A)s is of
concern from a regulatory point of view, results and knowledge from the first and second part of the
thesis are combined in a tiered approach (see chapter 4). Firstly, the mobility of short chain PFC(A)s is
compared to the mobility of their long chain homologues, which are known to be of concern (e.g.
PFO(A) is a PBT-substance). Secondly, the argumentation behind the PBT-concern of PFO(A) is
transferred to the findings on the mobility of short chain PFC(A)s.

6

2 Mobility of short chain PFC(A)s in the environment

2
2.1

Mobility of short chain PFC(A)s in the environment
Relevant physical-chemical processes for the mobility of substances

The mobility of a substance in the environment is governed by its occurrence in mobile
environmental media, e.g. air and water, and the mobility of these media (Ballschmiter 1992).
Diffusive and non-diffusive transport mechanisms are of relevance (Mackay 2001; Schwarzenbach et
al. 2003). Non-diffusive transport takes place as advection, e.g. in water or air currents and in rain or
snowfall. Diffusive transport is the dispersion of a substance between different environmental media,
e.g. from soil or water to air and from water to sediment (Mackay 2001; Schwarzenbach et al. 2003).
The chemicals' properties, like vapour pressure or solubility, as well as the characteristics of the
environmental media, e.g. sediment properties, are decisive for the partitioning behaviour
(Ballschmiter 1992). Ballschmiter (1992) defined five classes for transport processes of organic
compounds in the environment:
1. in the technosphere
2. in the hydrosphere
3. in the atmosphere
4. in the lithosphere
5. in the biosphere.
This thesis focuses on the classes 4 stated above. Investigated processes are (i) solid-water, (ii)
particle-gas and (iii) air-water partitioning as shown in Figure 2. The mobile media addressed with
these processes are water and air.
Atmosphere

Particles
particle-gas
partitioning

wind speed
~ 18 m s-1

air-water
partitioning

Water
flow velocity
oceans 0.3 to 0.9 m s-1
rivers 0.7 to 1.0 m s-1

Sediment

solid-water
partitioning

Particles

Figure 2: Distribution of substances (equilibrium arrows) to mobile environmental media (circled arrows) investigated
within this thesis (based on Ballschmiter (1992) and multimedia models (Mackay 2001; Scheringer 2002)).
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Transport in water is slower compared to transport in air. For example flow velocities of 0.7 m s−1
to 1.0 m s−1 were reported for large European rivers, 0.3 m s−1 to 0.9 m s−1 for ocean currents,
whereby the wind speed 10 m above the ground can be 4 m s−1 and even higher in the upper regions
of the atmosphere (on average 18 m s−1) (Zarfl et al. 2011). Furthermore, air is capable of reaching all
remote regions including alpine regions. A substance in air is thus considered to be more mobile
compared to a substance in water. In both media adsorption of substances to particles lower the
mobility of these substances (Ballschmiter 1992). In the atmosphere wet deposition takes place for
gaseous substances (rain washout velocity 19.4 m h−1, global average value used for multimedia
models) and substances sorbed to particles (9.7 * 10-5 m h−1). Additionally, particle-associated
substances undergo dry deposition (10.8 m h−1) (Mackay and Paterson 1991; Scheringer 2002). An
exception are very small particles in the so called "accumulation mode" (0.1 2.5 µm) which can be
transported over long distances (Seinfeld, Pandis 1998) because dry deposition is negligible
(Ballschmiter 1992). In this thesis, substances associated with particles are considered to be less
mobile compared to their gaseous forms. For wet deposition the air-water partitioning is of
relevance (Scheringer 2002).
The partitioning of substances between suspended particles and the dissolved phase in water
bodies is one aspect of solid-water partitioning. These particles could be deposited (Ballschmiter
1992) and if deposition takes place substances sorbed to deposited particles have a lower mobility
compared to substances in the dissolved phase. Furthermore, sorption to sediment in a water body,
e.g. the riverbed, is another aspect of solid-water partitioning. Sorption to sediment in water bodies
results in a lesser mobility compared to the dissolved phase. These processes are relevant for the
long-range transport of substances in surface waters. Furthermore, solid-water partitioning is of
relevance when water passes through soil or sediment in the subsurface environment. Also particles
and therefore sorption of substances to these particles could lead to a transport of substances in the
subsurface environment (McCarthy and Zachara 1989). Nevertheless, higher sorption to the
immobile solid phase results in a lesser mobility. Subsurface solid-water partitioning is of relevance in
different scenarios related to the production of drinking water. Examples are groundwater or
riverbank filtrate, which are often used as a resource for drinking water and are fed by surface water
after subsurface passage.
2.2

Solid-water partitioning

The partitioning of chemicals between water and solid materials can be quantified by the partition
coefficient Kd (Schwarzenbach et al. 2003). In this thesis two approaches for determining this
coefficient were applied. For a bulk water phase and suspended (bio-)particle Kd is the ratio of
analyte concentrations in the particle phase (cparticle) and in the dissolved phase (cwater, dissolved) (see
Equation 1). Under flow through conditions with a stationary sediment phase, characteristics of this
stationary phase, such as porosity and density, are taken into account for calculating Kd (see Equation
2, ne effective porosity, ρB sediment density, R retardation factor, for details see Paper 2 sedimentwater partitioning enclosure Appendix A2). According to the concentration units used Kd can have
different units or is dimensionless. All species of PFC(A)s, i.e. their acids and conjugate bases, were
taken into account for calculating the solid-water partitioning.
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Equation 1

𝐾d =

Equation 2

𝐾d =

c particles
c waterˌ dissolved

𝑛e
𝜌B

∗ (R − 1)

The partitioning of PFC(A)s from an aqueous phase to solid materials, e.g. sediment, has mostly
been investigated in laboratory batch experiments (Pan et al. 2009; Enevoldsen and Juhler 2010) or
in field studies using environmental samples (Ahrens et al. 2010). Most of these studies focus on
PFO(A) and PFOS, only very few data are available for short chain PFC(A)s (for details see
supplementary information of paper 1 air-water and particle-water partitioning WWTP Appendix A1
or paper 2 sediment-water partitioning enclosure Appendix A2). Sorption of PFB(A) has not been
quantified before and partition coefficients of PFC(A)s have not been determined from a column
study before.
2.2.1

Paper 1 air-water and particle-water partitioning WWTP

Background
On a WWTP the partitioning between water and particles was investigated for PFOS and PFO(A)
only (Yu et al. 2009). PFC(A)s are known to be present in WWTPs and hence WWTPs are a source for
the introduction of PFC(A)s into the environment (Ahrens et al. 2009; Filipovic et al. 2013). Processes
in the WWTP are of course artificial but for some aspects, i.e. when it comes to the partitioning of
substances between different media, like bio-solids and water, they are comparable to processes in
the environment or in the laboratory. This comparability was proven within this study by a
comparison of solid-water partition coefficients derived in laboratory test systems under equilibrium
conditions or from environmental samples and bio-solid-water partition coefficients from the WWTP,
which showed good agreement.
Study design
In this study the partitioning of PFC(A)s between the bio-solid and the aqueous phase in three
different tanks of a WWTP was investigated. Samples were collected from a primary clarifier, an
aeration tank and a secondary clarifier and were divided by filtration into a particle (bio-solid) and a
dissolved phase (particle retention 1.6 µm). Concentrations of PFC(A)s were determined separately in
both phases.
Results and discussion
Partition coefficients (see Equation 1) for PFB(A) were 350 cm3 g−1 at the primary clarifier and
370 cm3 g−1 at the aeration tank. These were higher compared to PFHx(A) (34 cm3 g−1 at the primary
clarifier, 110 cm3 g−1 at the aeration tank and 56 cm3 g−1 at the secondary clarifier). For long chain
PFC(A)s, e.g. PFO(A) and PFN(A), partition coefficients were similar compared to PFHx(A). Variations
in partitioning of one analyte in different tanks can be explained by differences in processes in the
tanks in combination with the sampling procedure. In the aeration tank particles were well mixed
whereby in the secondary clarifier at least bigger particles are allowed to settle and were due to grab
sampling not included in the samples taken. Results from the clarifiers were in agreement with
results from studies conducted under equilibrium conditions, whereby mainly long chain PFC(A)s
were investigated in these laboratory studies (Higgins and Luthy 2006). There was no clear trend
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observable of partitioning and chain length for C4-9-PFC(A)s in the tanks of the WWTP, which is in line
with results from field studies (Li et al. 2011). This indicates that sorption is not mainly driven by
hydrophobic interaction of solid material with the perfluorinated chain but by interactions with the
carboxylic group, which is equal for all analytes. An increase inpartition coefficients with increasing
chain length was reported in laboratory or field studies for >C7-PFC(A)s only (Ahrens et al. 2010;
Higgins and Luthy 2006).
2.2.2

Paper 2 sediment-water partitioning enclosure

Background
To investigate the transport of PFC(A)s within soil or sediment column studies have been used. All
previous studies have been conducted under water-unsaturated conditions (Murakami et al. 2008;
Murakami et al. 2009; Gellrich et al. 2012; Stahl et al. 2013). Removal of PFC(A)s from the water
phase within these studies increased with increasing chain length and was found to be partly
competitive (Gellrich et al. 2012). Furthermore, PFC(A)s have already been found in riverbank filtrate
(Lange et al. 2007). Riverbank filtration is one possible step in the production of drinking water from
surface water resources. The sediment of a riverbank filtration system is water-saturated and
transport might differ from water-unsaturated conditions. In this study, the transport in a riverbank
filtration scenario was simulated in a water-saturated sediment column (termed enclosure) within
the SIMULAF facility. For the first time, sorption coefficients for PFC(A)s were derived from a column
study.
Study design
A water-saturated sediment column (enclosure) was used to investigate the breakthrough of
PFC(A)s and quantify the sediment-water partitioning under flow-through conditions. Transport of
PFC(A)s in the enclosure was compared to a tracer (sodium chloride), which was known to have
negligible interactions with the sediment (“
”) and therefore passes through the
column with the same flow velocity as water. Water samples were collected from different depths of
the column in certain time intervals and the concentrations of the tracer and analytes were
compared.
Results and discussion
Compared to the tracer PFB(A) and PFHx(A) showed no retardation and a complete breakthrough
whereby long chain PFC(A)s, here PFO(A) and PFN(A), were retarded by sorption to the sediment.
Partition coefficients (see Equation 2) increased from PFB(A) (0.004 cm3 g−1 in 40 cm and 0.37 cm3 g−1
in 80 cm) to PFHx(A) (0.66 cm3 g−1 in 40 cm and 2.9 cm3 g−1 in 80 cm) and PFO(A) (6.5 cm3 g−1 in 40 cm
and 4.9 cm3 g−1 in 80 cm). These results from a simulated riverbank filtration scenario showed that
short chain PFC(A)s might not be eliminated by sorption to the sediment and therefore can reach raw
water sources without retardation. The faster breakthrough of short chain PFC(A)s is in line with
results from other column studies, conducted under water unsaturated conditions (Gellrich et al.
2012; Murakami et al. 2008; Murakami et al. 2009). These findings indicate an influence of the length
of the perfluorinated chain on sorption (hydrophobic interaction) within the enclosure instead of a
dominating influence of the carboxylic group, which is equal for all PFC(A)s.
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2.2.3 Conclusion on solid-water partitioning
For samples from the WWTP the comparison of partitioning of long and short chain PFC(A)s exhibited
no distinct differences. In the enclosure breakthrough of short chain PFC(A)s was more pronounced
compared to their long chain homologues. In the tanks of the WWTP sorption of substances took
place to particles distributed in a bulk water reservoir. In the water saturated sediment column
sorption to the sediment took place under flow-through conditions to a stationary phase. In addition
to these differences, the composition of the solid phase differed between the WWTP and the watersaturated sediment column, e.g. the organic carbon fraction of the solid phase was 0.07% for the
water saturated sediment column and up to 19% in the primary clarifier of the WWTP. These two
different scenarios resulted in clearly different partition coefficients for PFC(A)s and therefore
demonstrated the complexity of sorption. Nevertheless, results from the enclosure experiment
indicate a higher mobility of short chain PFC(A)s compared to long chain PFC(A)s.
2.3

Particle-gas partitioning

Particle-gas partitioning was quantified as the fraction of the total amount of analytes found in the
atmosphere (gas and particle phase) bound to particles (in %).
2.3.1

Paper 3 particle-gas partitioning WWTP

Background
So far, PFC(A)s in the atmospheric gas phase have been reported in very few studies (Weinberg et
al. 2011; Kim and Kannan 2007; Ahrens et al. 2011b). None of these studies investigated the particlegas partitioning.
Atmospheric concentrations of PFC(A)s might be biased by sampling artefacts, i.e. when in highvolume sampling air is pumped through a filter to sample the particle phase followed by a cartridge
to enrich gas phase compounds: Due to sorption of gaseous analytes on the filter gas phase
concentrations might be underestimated and particle phase concentrations might be overestimated
(Arp and Goss 2008). Conversely, the particle phase concentrations might be underestimated and the
gas phase concentrations might be overestimated due to the breakthrough of small particles through
the filter or blow-off of analytes from the filter and subsequent sampling in the gas phase sample
media. The influence of PFC(A)s incorporated in atmospheric water droplets is unknown. Therefore,
two different samplers were used for sampling on the WWTP in this study. A passive sampler, which
was supposed to sample compounds from the gas phase only, and an active sampler used to sample
the particle and gas phase separately. This thesis reports particle bound fractions of PFC(A)s in the
atmosphere for the first time.
Study design
To determine the particle-gas partitioning atmospheric gas and particle phases were sampled
with high volume samplers above the aeration tank and the secondary clarifier of a WWTP. The gas
phase concentrations determined within these samples were compared to gas phase concentrations
derived from samples of a passive sampler at the same sampling sites.
Results and discussion
The gas phase concentrations determined with the passive sampler and the high volume sampler
differed by a mean factor of 1.5 only indicating a good comparability of the determined gas phase
concentrations. Approximately 64% of PFB(A) and 78% of PFHx(A) were bound to particles in the
11

2 Mobility of short chain PFC(A)s in the environment
atmosphere, the remaining fraction was found in the gas phase. The percentage bound to particles
increased for long chain PFC(A)s. For PFO(A) the fraction was about 86%. This indicates, based on
particle-gas separation with the high volume sampler that short chain PFC(A)s are present in the gas
phase to a larger extent compared to their long chain homologues, which might be caused by a
higher vapour pressure and a lesser sorption affinity.
2.3.2 Conclusion on particle-gas partitioning
Up to now, no air sampling technique for PFC(A)s has been reported that is free of possible biases
when it comes to the separation of gas and particle phase. Ahrens et al. (Ahrens et al. 2012)
investigated the gas-particle partitioning of PFC(A)s by using a high volume sampler and a denuder.
In the denuder the gas phase was sampled first followed by the particle phase and sorption of
gaseous analytes to the filter was expected to be excluded. The fraction of PFC(A)s sorbed to
particles was higher if derived from high volume samples (60 100% for C8-12-PFC(A)s) compared to
denuder samples (10 40% for C8-12-PFC(A)s). C4-7-PFCAs were not detected in the gas phase in that
study. Overall fractions sorbed to particles were slightly increasing with increasing chain length for C812-PFC(A)s in the study by Ahrens et al. (Ahrens et al. 2012). The higher particle associated fraction of
PFC(A)s in the high volume sampler compared to the denuder might have been caused by gas phase
PFCAs sorbed to the filter. Nevertheless, for the denuder it cannot be ruled out that small particles
were sampled as part of the gas phase and therefore gas phase concentrations might have been
overestimated (Ahrens et al. 2012).
Further research is needed to ensure an artefact free sampling for the determination of
atmospheric gas and particle phase concentrations of PFC(A)s. Nevertheless, results derived from
high volume samples within this study as well as denuder samples (Ahrens et al. 2012) showed for
different locations in agreement that long chain PFC(A)s have higher particle bound fractions
compared to their short chain homologues. Hence, short chain PFC(A)s with higher fractions in the
gas phase are expected to have a higher mobility compared to their long chain homologues.
2.4

Air-water partitioning

Air-water partitioning is the ratio between concentrations of substances in the gas phase (cair, gas) and
the dissolved phase (cwater, dissolved) (see Equation 3). Again, depending on concentration units this
coefficient can be expressed with different units or is dimensionless.

Equation 3

𝐾AW =

c air ˌ gas
c waterˌ dissolved

Occurrence of PFC(A)s in the atmospheric gas phase is expected for the protonated species of PFCAs
only (e.g. PFOA 2.2 Pa at 20 °C), because the ionic ones have a negligible vapour pressure (Barton et
al. 2007). Therefore, air-water partitioning does not occur for ionic bases.
2.4.1

Paper 1 air-water and particle-water partitioning WWTP

Background
Air-water partition coefficients have so far been determined in two laboratory studies for PFOA
only (Kutsuna and Hori 2008; Li et al. 2007). The laboratory determination of these coefficients is
challenged by possible biases influencing the results, like sorption of PFC(A)s to surfaces (Li et al.
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2007) or self-aggregation of PFC(A)s because of concentrations above the critical micelle
concentration (López-Fontán et al. 2005). Furthermore, due to different sampling artefacts
determination of PFCA gas phase concentrations is difficult (see chapter 2.3).
Study design
Based on gas phase and water phase concentrations from different tanks of the WWTP air-water
concentration ratios were estimated. The concentration of the acid in the dissolved phase is needed
to quantify this partitioning, because only the protonated species of PFCAs are expected to have a
sufficiently high vapour pressure to undergo air-water partitioning (Barton et al. 2007). This
concentration was calculated from the measured total concentration of all species in water samples
using the pKa of the acids and the pH of the aqueous solution in the tanks. The pKa values of PFCAs is
an intensively discussed topic in the literature, e.g. reported pKas for PFOA ranged from -0.2 to 3.8
(Steinle-Darling and Reinhard 2008; Burns et al. 2008), whereby measured pKas were with a few
exceptions available for PFOA only (1.0 3.8) (Igarashi and Yotsuyanagi 1992; Burns et al. 2008) (for
an overview of pKas reported in the literature see supplementary information of Paper 1 air-water
and particle-water partitioning WWTP Appendix A1).
Results and discussion
Highest uncertainties in air-water concentration ratios (QAW) resulted from the uncertainties in
pKa values of PFCAs. For PFBA QAW ranged from 8.1 (for maximum pKa values reported in the
literature of 0.7) to 34 (for minimum pKa values reported in the literature of 0.08) and from 5.8 to 24
at the aeration tank and the secondary clarifier, respectively. For PFOA with reported pKa values in
the range of -3.8 to 0.2 QAW ranged from 4.6 × 10-3 to 46 at the aeration tank and 9.2 × 10-4 to 9.2 at
the secondary clarifier. The lowest QAW for PFOA was in good agreement with KAW derived from
laboratory experiments (Kutsuna and Hori 2008; Li et al. 2007). Due to the uncertainties in pKa values
a comparison of short chain and long chain PFC(A)s was not possible. But elevated atmospheric gas
phase concentrations of PFC(A)s above the tanks of a WWTP, as derived from high volume samples,
indicate that a water to air transfer occurred.
2.4.2

Paper 4 air-water partitioning to estimate the pKa

Background
For PFCAs the experimental determination of pKa values is challenged by the enrichment of
PFC(A)s at surfaces (Ju et al. 2008; Reth et al. 2011), their self-aggregation (López-Fontán et al. 2005)
and the influence of solvents in the systems (López-Fontán et al. 2005; Kutsuna et al. 2012). pKa
values of PFCAs were almost exclusively reported for PFOA and they were in the range from -0.2 to
3.8 (Steinle-Darling and Reinhard 2008; Burns et al. 2008). For the presence of the acidic species
under environmental relevant conditions this has a big influence: at pH 5 the fraction of the acid
would be 6 × 10-4% for a pKa of -0.2 or 6% for a pKa of 3.8. The influence of these uncertainties is for
example reflected in the above reported air-water concentration ratios (see chapter 2.4.1).
Therefore, an experimental set-up which aims to avoid these artefacts was developed within this
thesis.
Study design
The air-water transport of PFCAs was investigated to estimate the pKa values. For this purpose
aqueous pH values below the pH values usually found in the environment were needed and the
13

2 Mobility of short chain PFC(A)s in the environment
experiment was conducted in a laboratory test system. In theory, the fraction of the acids of PFC(A)s
in water depends on the pKa of these acids and the pH of the water phase. Only the non-dissociated
acids are able to partition from water to air. In the experiment the pKa of the acid was estimated
from the amount of acids found in the gas phase in dependence of the water pH. The laboratory test
system was a polypropylene vessel, which was partly filled with water adjusted to a defined pH and
spiked with PFC(A)s. The vessels walls above the water surface served as a passive sampler for
gaseous PFC(A)s.
Results and discussion
Closed mass balances, increasing PFCA gas phase concentrations with decreasing pH values and
results from a reference chemical (8:2 fluorotelomer unsaturated acid) proved the suitability of this
new experimental set-up. The water to air transfer at different water pH values showed that the pKa
of C4-11-PFCAs must be <1.6. The resolution of the data was not sufficient to draw a conclusion on a
trend with chain length. Volatilization within this set-up was described with a simple model but this
model could be applied for PFOA only, because only for PFOA an air-water partitioning coefficient is
reported in the literature (Kutsuna and Hori 2008; Li et al. 2007). With the least-square method
modelled data were fit to experimental results giving a pKa of 0.5 for PFOA.
2.4.3 Conclusion on air-water partitioning
With pKa values below 1.6 only less than 0.1% of PFC(A)s would be present as protonated acids under
environmentally relevant aqueous pH conditions (i.e. 5 7). Furthermore, in the laboratory test
w
H ≥3.6. Therefore,
under environmental conditions water to air transfer of PFCAs itself seems not to be a very
important process. Anyhow, air samples from the WWTP, which were supposed to sample the gas
phase, indicate that the transfer from water to the atmosphere is of relevance. This could have been
caused by biases in the sampling of PFCAs in the gas phase: PFC(A)s sorbed to small particles incl.
water droplets could have passed the filter during high volume sampling and subsequently were
collected as part of the gas phase (filters had > .0 μ
). With respect to a potential
for long-range transport also small particles are of relevance, because they can be transported over
long distances (Seinfeld and Pandis 1998). Furthermore, the ammonium salt of PFO(A) (APFO) has a
vapour pressure of 0.008 Pa (at 20°C) (2.3 Pa at 20°C for PFOA) (Washburn et al. 2005) and can
therefore be expected to be in the atmospheric gas phase. It is unclear whether PFC(A) salts could be
responsible for findings of PFC(A)s in the gas phase.
Because of these possibilities it is more appropriate to calculate air-water concentration ratios for
all species. Within that ratio, gas phase concentrations comprise PFC(A)s in their protonated form or
as a salt in the gas phase and PFC(A)s bound to small particles. The concentrations in water cover
dissolved PFC(A)s as well as PFC(A)s bound on small particles, which have passed the filter.
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Figure 3: Concentration ratio of gas phase concentrations based on the gas phase sample media (cgas phase) and water
concentrations based on filtered water samples (cwater) of PFC(A)s derived from samples from an aeration tank and a
secondary clarifier of a wastewater treatment plant (n = 3, respectively).

Air-water concentration ratios for all investigated species give indications that short chain PFC(A)s
had higher ratios compared to their long chain homologues and were transferred into the
atmosphere to a larger extent (see Figure 3). Transfer from water to the atmosphere was higher at
the aeration tank compared to the clarifier, which can be explained by turbulent condition in the
aeration tank due to aeration whereas there was a calm water surface at the clarifier. This air-water
partitioning is not only relevant for water reservoirs and the air above, but also for rain washout of
PFC(A)s from the atmosphere. Overall, due to higher fractions in the gas phase compared to the
water phase short chain PFC(A)s are expected to be more mobile than their long chain homologues.
Furthermore, indication for a particle bound transfer of PFC(A)s from the water of the tanks of the
WWTP to the atmosphere was given by higher atmospheric particle phase concentrations at the
WWTP compared to other studies outside of WWTPs (see Paper 3 particle-gas partitioning WWTP
Appendix A3). Aerosol mediated air-water transfer has already been investigated in other studies
(Reth et al. 2011; McMurdo et al. 2008) and was not in the focus of this thesis.
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3
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3.1

PBT-assessment

Globally, several regulatory measures are in force to protect the environment from damages caused
by the release of hazardous substances. A risk exists when humans or the environment are exposed
to a substance with hazardous properties in concentrations leading to adverse effects. This risk can
be quantified by a comparison of exposure and effect concentrations. For toxic substances, which are
also persistent and enrich in biota (e.g. PBT-substances), such a quantification of the risk is not
appropriate. These substances accumulate in the environment and their long-term adverse effects
are not predictable. Moreover, they have the potential to contaminate remote regions (European
Chemicals Agency 2007; European Chemicals Agency 2012e). Therefore, the European chemicals
regulation REACH defines PBT- and very persistent and very bioaccumulative (vPvB-) substances as
substances of very high concern, for which no safe environmental concentration can be derived and
hence their release into the environment should be minimized. The assessment of such substances is
solely based on their inherent hazard properties, such as PBT-properties, without taking the
environmental exposure into consideration. Usually, results from laboratory test systems are
compared to numerical criteria, defined in REACH Annex XIII. These are for example environmental
half-lives to assess the persistency, bioaccumulation factors which describe the bioaccumulation
potential and no-observed-effect concentrations for assessing the toxicity. For PBT- or vPvBsubstances all three or two criteria have to be fulfilled, respectively.
3.2

Weight of evidence: Non-standard tests in the PBT-assessment

If information on a substance is not directly comparable with the numerical criteria of REACH Annex
XIII, but indicates that the substance might be PBT this information can be used within a weight of
evidence approach. Furthermore, the weight of evidence approach can be applied if the specific
behaviour of a substance is not covered by the respective standard tests. For a weight of evidence
approach it is important that all relevant information is taken into account and weighted based on
their relevance (European Chemicals Agency 2010). Results from simulation tests or monitoring data
can be used to assess the persistency. For the assessment of the bioaccumulation potential, for
example data from human body fluids, information on the toxicokinetic behaviour of the substance,
biomagnification factors or trophic magnification factors may be used. Results from long-term
toxicity tests with fish, birds and invertebrates are applicable in the T-assessment. So far, such a
weight of evidence approach was used only once under REACH: to identify PFO(A) as a PBTsubstance in 2013. The assessment was done in connection with this thesis.
3.2.1

Paper 5 PFOA concerns and regulatory developments

Background
Since the early 21st century, environmental science has increasingly focused on PFO(A) and other
PFASs among other compounds of interest. Several studies show the widespread contamination of
the environment with PFO(A). Also in humans PFO(A) was found. Together with indications that
PFO(A) might have toxic effects and that it might be able to accumulate in food chains first regulatory
activities were initiated. One example is the identification of PFO(A) as a PBT-substance under REACH
in 2013 (European Chemicals Agency 2013b). In this research paper it is shown how scientific
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knowledge and findings were transferred into regulatory measures in a weight of evidence approach,
e.g. the PBT-assessment. Furthermore, the regulatory strategy for PFO(A) is presented and further
research needs are defined.
Study design
Information on the use of PFO(A), its sources, its occurrence and its fate in the environment were
collected to investigate the need for regulatory measures and to develop a regulatory strategy.
Within that strategy it is the first step to identify PFO(A) as a PBT-substance under REACH, although
the numerical B-criterion is not fulfilled, followed by a restriction proposal. Furthermore, the paper
includes an overview of the PBT-assessment, which was done in the context of this thesis.
Results and discussion
Numerous scientific findings show that human and environmental exposure to PFO(A) is of
concern. PFO(A) is stable under environmentally relevant conditions, therefore no half-lives could be
measured in laboratory test systems verifying the fulfilment of the P-criterion. With the classification
(EC No 1272/2008) of PFO(A) as toxic for reproduction Cat. 1B and a specific target organ toxicity
(STOT RE1) (European Commission (2013) the T-criterion is fulfilled. Bioconcentration factors for
PFO(A) in fish are far below the threshold for bioaccumulative substances of 2000, meaning that
PFO(A) is not bioaccumulative in fish. But gill-breathing organisms are not the most relevant
endpoint to be considered for this substance. Because of the high water solubility of PFO(A) fish
might have a different possibility of elimination compared to air breathing organisms.
Biomagnification of PFO(A) in food webs, investigated in field studies, was shown by biomagnification
factors and trophic magnification factors >1 in certain food chains. Furthermore, PFO(A) can be
found in the blood of the general population and concentrations are increasing with age. Half-lives of
PFO(A) in humans of around three years indicate a bioaccumulation potential of PFO(A). Taken all
these information together in a weight of evidence approach it was concluded that PFO(A) is a
bioaccumulative substance in line with REACH Annex XIII.
One aim of REACH is that exposure of humans and the environment to PBT-substances is
minimized. An authorization for the use of such substances is one foreseen way to achieve this
minimization. That means that industry needs an approval from the European Commission to use a
substance. As there are indications that PFO(A) (or its precursors)-containing articles are imported
into the EU and comprise a relevant source for PFO(A) (or its precursors) into the environment an
authorization is not expected to efficiently minimize PFO(A) emissions, as imported articles are not
covered by an authorization. Therefore, a restriction for PFO(A) including its precursors is needed.
3.2.2 Conclusion on weight of evidence
The conclusion from the research paper that PFO(A) is a PBT-substance was later unanimously
supported by the member states of the European Union, leading to the identification of PFO(A) as a
PBT-substance under REACH (European Chemicals Agency 2013a, b). The PFOA-case shows that it is
possible to identify PBT-substances even if one numerical criterion is not fulfilled, in this case the BFC
for the B-criterion. A weight of evidence approach delivered the possibility to take results from nonstandard tests, for example results from field studies, into account. The PBT-assessment of PFO(A) as
done in the context of this thesis is a precedent-setting within the chemicals regulation.
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4.1

Background State of the art

It is nowadays known that - within the group of PFASs - long chain PFASs, which have been widely
used since 1950, are of special concern. PFO(A) for example, the most investigated representative
out of the subgroup of PFC(A)s, is of concern, because of its persistency, its bioaccumulation
potential and its toxicity. Industry has started to replace these long chain PFASs with short chain
ones, e.g. with short chain PFC(A)s or their precursors. But also these short chain PFC(A)s have
already been found in humans and the environment. In remote regions concentrations of these short
chain PFC(A)s are already similar to those of long chain ones. This indicates a high mobility of short
chain PFC(A)s in the environment.
At the same time knowledge of the transport behaviour in the environment was poor:
i)
ii)
iii)

No data were available on partitioning between the atmospheric gas and particle phase,
uncertainties of the pKa values of PFCAs lead to uncertainties regarding the role of the acids
in the environment, for example in air-water partitioning and
sorption to sediment has been investigated for short chain PFC(A)s to a limited extent only.

Therefore, it was one objective of this thesis to investigate the mobility of short chain PFC(A)s in
the environment by quantifying their partitioning to mobile environmental media, e. g. air and water.
Furthermore, the thesis addresses the question of whether the environmental exposition with short
chain PFC(A)s is actually of concern from a regulatory point of view. Therefore, the argumentation
behind the PBT-concern of PFO(A) was transferred to the findings on the mobility of short chain
PFC(A)s.
4.2

Mobility in the environment A comparison of short chain and long chain PFC(A)s

The mobility of PFC(A)s in the environment was determined with their partitioning to mobile
environmental media. The partitioning of PFC(A)s was exemplary quantified with experiments under
semi-environmental conditions on a WWTP (see chapters 2.2.1, 2.3.1 and 2.4.1) and on an
experimental field site representing a riverbank filtration scenario (enclosure, see chapter 2.2.2).
Furthermore, also a laboratory experiment was performed (see chapter 2.4.2). These experiments
aimed at avoiding experimental artefacts that have been reported for other laboratory experiments.
Compared to the environment higher PFC(A) concentrations were used in these settings. Results of
these experiments are summarized in the following with a focus on the comparison of partitioning of
short and long chain PFC(A)s.
a) Solid-water partitioning
Solid-water partitioning is of relevance for the mobility of PFC(A)s in (surface) water bodies and
under flow-through conditions in soil or sediment, e.g. in drinking water production. Substances in
the dissolved aqueous phase are more mobile compared to substances sorbed to solid phases.
Within this thesis tanks of a WWTP represented bulk water with suspended particles (bio-solids). In
these tanks particle-water partitioning of short chain PFC(A)s showed no distinct differences
compared to their long chain homologues (see chapter 2.2.1 Paper 1 air-water and particle-water
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partitioning WWTP). Under flow-through conditions in the water-saturated sediment column
(enclosure) on an experimental field site, short chain PFC(A)s were not retarded whereas long chain
PFC(A)s were retarded by sorption to the stationary sediment (see chapter 2.2.2 Paper 2 sedimentwater partitioning enclosure). Thus, sorption processes did not eliminate short chain PFC(A)s from
water in such a riverbank filtration scenario. From laboratory batch experiments or from field studies
sometimes an increasing trend of sorption of >C7-PFC(A)s with increasing chain length was observed
(Ahrens et al. 2010; Higgins and Luthy 2006), while other results contradict this finding (Li et al.
2011). Results from column studies under water unsaturated conditions reported in the literature
showed in agreement to water saturated conditions in the enclosure within this thesis a faster
breakthrough of short chain compared to long chain PFC(A)s (Gellrich et al. 2012; Murakami et al.
2008; Murakami et al. 2009). Hence, under specific conditions, especially flow-through conditions,
short chain PFC(A)s have a higher mobility compared to their long chain homologues.
b) Particle-gas partitioning
The occurrence in the atmosphere leads to a high mobility of substances, whereby substances in the
gas phase are even more mobile compared to particle-bound substances. In the atmosphere above
the tanks of a WWTP fractions of long-chain PFC(A)s sorbed to particles were higher compared to
their short chain homologues (see chapter 2.3.1 Paper 3 particle-gas partitioning WWTP). No other
particle-gas partition coefficients have so far been reported in the literature for short chain PFC(A)s,
but an increasing sorption to particles with increasing chain length was also found for long chain
PFC(A)s (Ahrens et al. 2012). Therefore, the mobility of short chain PFCAs in the atmosphere seems
to be higher compared to long chain PFC(A)s.
c) Air-water partitioning
Air has a higher mobility in the environment than water. In the tanks of a WWTP short chain PFC(A)s
were transferred from water to air to a larger extent compared to their long chain homologues (see
chapter 2.4.1 Paper 3 air-water and particle-water partitioning WWTP). For PFC(A)s in the
atmospheric gas phase, this trend in air-water partitioning might lead to a more pronounced rain
washout of long chain PFC(A)s compared to short chain PFC(A)s. As the pKa values of PFCAs were
found to be below 1.6, only <0.1% of PFC(A)s are present as protonated acids in water under
environmental conditions and the relevance of air-water transfer of PFCA acids is expected to be
negligible (see chapter 2.4.2 Paper 4 pKa via water-to-air transport). Air-water transfer could have
been caused by PFC(A)salts and/or by PFC(A)s bound to small particles. These small particles can be
transported over long-distances and therefore short chain PFC(A)s are more mobile compared to
long chain PFC(A)s.
Overall, in the investigated systems short chain PFC(A)s have a higher mobility than their long
chain homologues due to a more pronounced partitioning into mobile environmental media.
4.3

Regulatory implications

Comparing the mobility of short chain PFC(A)s with the PBT-

concern of PFO(A)
PFO(A) and C11-14-PFC(A)s were identified as PBT and vPvB-substances according to the criteria of
REACH, and are therefore included in the list of substances of very high concern. A comprehensive
PBT-assessment of short chain PFC(A)s is not yet available. Nevertheless, the weight of evidence
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approach, which was successfully applied in the PBT-assessment of PFO(A) in connection with this
thesis, showed that a substance might be considered as a PBT-substance under REACH even though
the numerical criteria are not fulfilled (see chapter 3.2.1 Paper 5 PFOA concerns and regulatory
developments). Furthermore, REACH foresees the possibility to identify a substance of very high
concern if there is an equivalent level of concern, e.g. compared to PBT- or vPvB-substances. From
the structural similarities of short and long chain PFC(A)s and from the results of a degradation study
(Hurley et al. 2004), it can be assumed that short chain PFC(A)s are persistent. In addition, the results
of this thesis show that short chain PFC(A)s are more mobile in the environment than long chain
PFC(A)s. Reasons for the hypothesis that environmental exposure to short chain PFC(A)s is of concern
from a regulatory point of view are given in the following.
a) The environmental mobility and persistency of short chain PFC(A)s trigger the same concerns as
PBT-substances
PBT-/vPvB-substances are substances of very high concern under REACH because of the following
reasons:
i)

ii)

"Hazardous substances may accumulate in parts of the environment, including the marine
environment and remote areas and the effects of such accumulation are unpredictable in the
long-term and such accumulation would be difficult to reverse." (European Chemicals Agency
2007)
"Remote areas should be protected from further contamination by hazardous substances
resulting from human activity, and the intrinsic value of pristine environments should be
protected." (European Chemicals Agency 2007)

The inherent properties of mobility and persistency lead to a long-term circulation and widerange distribution of short chain PFC(A)s in the environment with unknown effects once these
substances have been released into the environment. Furthermore, it will be impossible to remove
these substances from the environment because of their low sorption potential. They will
accumulate in the environment. A release of these substances into the environment is thus of
concern for the same reasons as environmental exposure to PBT-substances.
b) Short chain PFC(A)s have a potential for long-range transport
The only aspect of mobility of a substance in the environment dealt within the REACH guidance is
long-range transport: "This [a potential for long-range transport through the air, with accompanying
w
],
‘
’ T/
properties, can be considered as evidence giving rise to an equivalent level of concern and to
consider the substance in question as a PBT or vPvB." (European Chemicals Agency 2012e). REACH
does not define how the long range transport potential of a substance can be proven, whereas in the
Stockholm Convention it is foreseen that monitoring data as well as environmental fate properties or
model results can be used to prove the long-range transport potential of a substance (Secretariat of
the Stockholm Convention 2009).
Models cannot be applied to short chain PFC(A)s because they are ionic under environmentally
relevant conditions (Scheringer 2002). Alternatively, the conclusion that short chain PFC(A)s have the
potential for long-range transport can be derived from monitoring data and from their partition
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behaviour in the environment, as quantified within this thesis. Findings of short chain PFC(A)s in
remote regions (Kirchgeorg et al. 2013; Benskin et al. 2012) show that these substances can be
transported over long distances, whereby also uncharged and volatile precursors can be responsible
for this transport. Furthermore, their partitioning to the aqueous dissolved phase and the
atmospheric gas phase indicate a potential for long-range transport.
The definition of criteria for a long-range transport potential, as laid down in the Stockholm
Convention, shows that long-range transport potential of substance is a globally accepted concern.
The fact that short chain PFC(A)s have a potential for long-range transport is one important
argument to show that environmental exposure to short chain PFC(A)s is of concern.
c) Short chain PFC(A)s have a potential for drinking water contamination
Results of the present thesis show that the environmental mobility of short chain PFC(A)s is
characterized by a second aspect besides the potential for long range transport: Short chain PFC(A)s
may contaminate surface and ground water as important sources for drinking water. The direct
breakthrough through a sediment column under flow-through conditions, as shown in a riverbank
filtration scenario indicates a high mobility of short chain PFC(A)s. This is proven by findings of short
chain PFC(A)s in groundwater (Gellrich et al. 2012) and in drinking water (Gellrich et al. 2013).
Furthermore, it was already shown that short chain PFC(A)s are not removed by treatment processes
during drinking water production (Eschauzier et al. 2012). Therefore, the high mobility of short chain
PFC(A)s could lead to a circulation of these substances in the water cycle including drinking water.
The potential for drinking water contamination is so far not included in the assessment of
substances of very high concern under REACH. It is, however, of relevance because of human
exposure due to consumption of drinking water. For short chain PFC(A)s it can be assumed that even
if future emissions in the environment reach a steady-state on today's emissions, concentrations in
the environment, including drinking water, will increase because of their environmental persistency.
Already today, there are first findings of short chain PFC(A)s in human blood, not only of highly
exposed populations (Nilsson et al. 2010) but also of the general population (Yeung et al. 2013). In
the same way as environmental concentrations, these can be expected to increase in the future. In
addition, contaminated drinking water would lead to an ongoing PFC(A) exposure of humans even if
these substances do not bioaccumulate. Therefore, the potential of short chain PFC(A)s to
contaminate drinking water is of great concern.
d) Current knowledge on behaviour of short chain PFC(A)s in the environment indicates that these
are substances of very high concern
From the identification of PFO(A) as a substance of very high concern in line with REACH criteria, two
things can be learned:
i)

ii)

Standard tests do not cover the bioaccumulation properties of PFO(A). This might also be
true for similar substances, which do not enrich in lipid tissues but enrich by binding to
proteins.
Data from human and biota monitoring were needed to prove the bioaccumulation potential
of PFO(A) within a weight of evidence approach.
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Both aspects required an exposure of humans and the environment to PFO(A) before its
identification as a substance of very high concern was possible.
PFO(A) has been produced since 1947 (Prevedouros et al. 2006), whereby production of short
chain PFC(A)s and their precursors increased presumably from 2000 on the earliest (Wang et al.
2013). PFO(A) is ubiquitously distributed in the environment, but also short chain PFC(A)s have
already been found in humans and the environment (see Table 1 in chapter 1.2) despite their
production in high volumes started approximately 50 years later. Results of the present thesis deliver
the explanation for these findings: Short chain PFC(A)s are persistent substances with high mobility in
the environment. It is very likely that if emissions of PFC(A)s into the environment will continue,
concentrations will increase. The effects of this remain unknown. It can be expected that due to the
increasing contamination of drinking water, exposure of humans will increase as well, leading to
higher blood concentrations. Higher concentrations can also be expected in biota. To avoid this
scenario emissions of short chain PFC(A)s into the environment need to be minimized immediately.
4.4

Future steps For research and beyond

This thesis provides knowledge which adds further to the understanding of the fate of short chain
PFC(A)s in the environment. Nevertheless, there are still open questions that should be addressed by
future research. Furthermore, the thesis shows that exposure of the environment to short chain
PFC(A)s is of concern and therefore delivers a starting point for measures by industry and regulatory
authorities.
a) Research to understand the fate of PFC(A)s in the environment with special focus on the role of
the acids, their occurrence in the atmosphere and their long range transport
Under environmental relevant aqueous conditions the role of the acid is expected to be negligible,
given that the pKa is <1.6 for C4-11-PFCAs as derived from an experiment of this thesis. Nevertheless,
there might be conditions, especially in humans and biota, where media with a low pH are available
and species differentiation needs further exploration because of differences in their properties.
Furthermore, findings of PFC(A)s in gas phase sample media within this thesis show the need for
reliable sampling methods in order to identifying the species of PFC(A)s, their sources and their
contribution to long-range transport. The pKa values and partition coefficients derived within this
thesis can be used to update model calculations on the fate of PFC(A)s in the environment. This could
also be useful to investigate the relative relevance of their transport through air and water.
b) Research to identify sources of PFC(A)s and their precursors in the environment
There are indications that mostly precursors, like FTOHs, of short chain PFC(A)s are produced and
used (Wang et al. 2013; OECD 2013). Knowledge about their sources and fate in the environment is
needed to fully understand the fate of these compounds and their role in the occurrence of short
chain PFC(A)s.
c) Measures to prevent future exposure of humans and the environment to short chain PFC(A)s
In line with the responsibilities under REACH and especially in line with the principles of a green
chemistry (Anastas and Warner 2000), industry should develop and use alternatives for short chain
PFC(A)s and their precursors which neither have properties of concern, nor degrade to substances
with properties of concern. However, industry is currently producing and using short chain PFC(A)s
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and their precursors, respectively. Therefore, a regulatory strategy should be developed to prevent
human and environmental exposure. Such a regulatory strategy can take possibilities under REACH
(restriction or authorization) but also other measures (e.g. emission limits for industrial plants or
limits values for environmental media like drinking water) into account. Alternatively to the use of
other substances it should be evaluated by industry as well as consumers for which uses and
applications the properties provided by PFASs are unavoidably needed and whether these products
are necessary at all.
d) Advancement of criteria for defining substances' properties of very high concern
From the PBT-assessment of PFOA it is obvious that the numerical PBT-criteria and the associated
testing requirements are not sufficient to cover all potential substances of very high concern. The
possibilities within a weight of evidence approach address this gap. At the same time the PFOA-case
shows that for such a weight of evidence approach monitoring data are needed, which requires an
exposure of humans and/or the environment before regulatory measures can be initiated. Therefore,
new test or other methods needs to be developed to cover for example the bioaccumulation
mechanism of PFASs. Before that a better understanding of this mechanism is needed.
Furthermore, the procedure applied in this thesis, to investigate the partitioning of persistent
substances to mobile environmental media, should be considered as a possibility to define criteria
for substances of very high concern with respect to their mobility. For example, criteria for the
assessment of the partition behaviour should be developed. Such criteria would make the process of
identifying substances of very high concern with respect to their environmental mobility transparent
and reproducible. With respect to the mobility of substances, first attempts have already been made
for raw water relevant substances (Skark et al. 2011) and substances with a potential for long-range
transport (Zarfl et al. 2012).
4.5

Conclusion

The experimental results obtained within this thesis showed that short chain PFC(A)s are more
mobile in the environment compared to their long chain homologues. This mobility in combination
with the persistency of PFC(A)s is of concern from a regulatory point of view. Therefore, emissions of
these substances into the environment need to be minimized.
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