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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 C,;-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:

e 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).

e 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).

e 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
pK;, 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 Motivation — Background and aim of the thesis

1 Motivation — Background and aim of the thesis

1.1 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 21%
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
(MclLachlan 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; Holzer 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 PFASs-
emissions 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



1 Motivation — Background and aim of the thesis

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, C;1.14-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 >Cs-
PFC(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 (C,.;-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), Cc-PFC(A)) or perfluorobutanoate
and its acid (PFB(A), C4,-PFC(A)) (see Figure 1).

FEEREELE O

Perfluorooctanoic acid F_?_c.:_(.:_(f_(.:_(.:_c.:_c\/
Cg-PFCA, PFOA FFFFFFF O-H

FrEERELE O

Perfluoroheptanoic acid F-C-C-C-C-C-C-C
C,-PFCA, PFHpA FFFFFF O-H

FEEED 0

Perfluorohexanoic acid F-C-C-C-C-C-C
Ce-PFCA, PFHXA FFFFF O-H

o FFFF o

Perfluoropentanoic acid F_(':_(':_(':_(';_é\’
Cs-PFCA, PFPA EEEE O-H

. FFF o

Perfluorobutanoic acid F—(:':—¢—¢—C§\/
C,-PFCA, PFBA I Ll o-H

Figure 1: Chemical structures of Cg-PFCA (representative of long chain PFCAs) and short chain (<Cs-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



1 Motivation — Background and aim of the thesis

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 - - <0.01-0.1 0.02-2.2 0.1-39 (Yeung et
general ng mL™? ng mL™? ng mL™? al. 2013)
population in less than in all samples in all samples
10% of all
samples
Human blood <0.6-1.1 <0.6-0.1 <0.07 - 12 <0.4-20 4.8-470 (Nilsson et
occupationally | ngmL™ ngmL™ ngmL™ ngmL™" ngmL™" al. 2010)
exposed ski
waxers
Groundwater 3 ng L median | 8 ngL ™" median | 4 ngL " median | 2 ng L median | 3 ng L  median | (Gellrich et
in 17% of the in 9% of the in 14% of the in 10% of the in 27% of the al. 2012)
samples samples samples samples samples
Tap water 2ngL " median | 2ngL " median | 2ngL " median | 1.5ngL™ 26ngl™ (Gellrich et
in 19% of the in 19% of the in 23% of the median median al. 2013)
samples samples samples in 12% of the in 19% of the
samples samples
Arctic surface - - 2.9-65 11-84 6.5-54 (Benskin et
water pg L™ pg L™ pg L™ al. 2012)
Alpine snow 03-1.38 n.d.-0.4 0.06 -0.34 0.04 -0.22 0.2-0.6 (Kirchgeorg
ng L™ ngL™ ng L™ ngL™ ngL™ etal. 2013)




1 Motivation — Background and aim of the thesis

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 pK, 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 PBT-
properties of short chain PFC(A)s, this thesis has the following objectives:

i)  Toinvestigate the environmental mobility of short chain PFC(A)s by quantifying their a) solid-
water partitioning (Paper 1 air-water and particle-water partitioning WWTP Appendix Al,
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 Al, Paper 4 pK, via water-to-air
transport Appendix A4; see chapter 2).

ii)  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).
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iii) 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).

1.5 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; Lopez-Fontan et al. 2005). Beside experiments, it is possible to
calculate partition coefficients with established computational models, e.g. quantitative structure-
activity 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) a wastewater treatment plant (WWTP) (Paper 1 air-water and particle-water partitioning
WWTP Appendix Al and Paper 3 particle-gas partitioning WWTP Appendix A3) and

i) 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 (Griitzmacher 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 Al 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
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extracted with solvents in a sonication bath (Paper 1 air-water and particle-water partitioning WWTP
Appendix Al). 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 (HPLC-
MS/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 pK, values of PFCAs (Paper 4 pK, via water-to-air transport Appendix A4).
Due to biases reported for former experimentally determined pK, values, e.g. solvation in water-
solvent 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 pK;
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.
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2.1 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 2—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.
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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 ms™
to 1.0ms ' were reported for large European rivers, 0.3 ms™" to 0.9 ms™ for ocean currents,
whereby the wind speed 10 m above the ground can be 4 m s™ and even higher in the upper regions
of the atmosphere (on average 18 m s™') (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™, global average value used for multimedia
models) and substances sorbed to particles (9.7 * 10° m h™"). Additionally, particle-associated
substances undergo dry deposition (10.8 m h™') (Mackay and Paterson 1991; Scheringer 2002). An
exception are very small particles in the so called "accumulation mode" (0.1 — 2.5 um) 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 Ky (Schwarzenbach et al. 2003). In this thesis two approaches for determining this
coefficient were applied. For a bulk water phase and suspended (bio-)particle Ky is the ratio of
analyte concentrations in the particle phase (cpanice) and in the dissolved phase (Cyater, dissolved) (S€€
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 Ky (see Equation
2, n effective porosity, pg sediment density, R retardation factor, for details see Paper 2 sediment-
water partitioning enclosure Appendix A2). According to the concentration units used Ky 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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. —
Equation1 Ky = —2=

Cwater, dissolved

Equation2 K4 = :—e *(R=1)
B

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 Al
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 um). Concentrations of PFC(A)s were determined separately in
both phases.

Results and discussion
Partition coefficients (see Equation 1) for PFB(A) were 350 cm® g™ at the primary clarifier and
370 cm® g™! at the aeration tank. These were higher compared to PFHx(A) (34 cm® g™* at the primary
clarifier, 110 cm® g™ at the aeration tank and 56 cm® g™ 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
9
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observable of partitioning and chain length for C,o-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 >C;-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 (“conservative tracer”) 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 cm® g™"in 40 cm and 0.37 cm® g™
in 80 cm) to PFHx(A) (0.66 cm® g in 40 cm and 2.9 cm® g 'in 80 cm) and PFO(A) (6.5 cm® g 'in 40 cm
and 4.9 cm® g™t 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.

10
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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 water-
saturated 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 particle-
gas partitioning.

Atmospheric concentrations of PFC(A)s might be biased by sampling artefacts, i.e. when in high-
volume 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
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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 Cg 1,-PFC(A)s) compared to
denuder samples (10 — 40% for Cg.1,-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 Cg.
12-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 (c,j, gas) and
the dissolved phase (Cywater, dissoved) (S€€ Equation 3). Again, depending on concentration units this
coefficient can be expressed with different units or is dimensionless.

Cair , gas

Equation3  Kjw =

Cwater, 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 (Lépez-Fontan 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 pK, of the acids and the pH of the aqueous solution in the tanks. The pK, values of PFCAs is
an intensively discussed topic in the literature, e.g. reported pK,s for PFOA ranged from -0.2 to 3.8
(Steinle-Darling and Reinhard 2008; Burns et al. 2008), whereby measured pK,s 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 pK,s reported in the literature see supplementary information of Paper 1 air-water
and particle-water partitioning WWTP Appendix Al).

Results and discussion

Highest uncertainties in air-water concentration ratios (Qaw) resulted from the uncertainties in
pK, values of PFCAs. For PFBA Qaw ranged from 8.1 (for maximum pK, values reported in the
literature of 0.7) to 34 (for minimum pK, 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 pK, values in
the range of -3.8 to 0.2 Quw ranged from 4.6 x 10 to 46 at the aeration tank and 9.2 x 10*t0 9.2 at
the secondary clarifier. The lowest Qaw for PFOA was in good agreement with Ky derived from
laboratory experiments (Kutsuna and Hori 2008; Li et al. 2007). Due to the uncertainties in pK; 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 pK,

Background

For PFCAs the experimental determination of pK, values is challenged by the enrichment of
PFC(A)s at surfaces (Ju et al. 2008; Reth et al. 2011), their self-aggregation (Lopez-Fontan et al. 2005)
and the influence of solvents in the systems (Lopez-Fontdn et al. 2005; Kutsuna et al. 2012). pK,
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 x 10*% for a pK, of -0.2 or 6% for a pK, 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 pK; values. For this purpose
aqueous pH values below the pH values usually found in the environment were needed and the
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experiment was conducted in a laboratory test system. In theory, the fraction of the acids of PFC(A)s
in water depends on the pK; 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 pkK, 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 pKk,
of C4.41-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 pK; of 0.5 for PFOA.

2.4.3 Conclusion on air-water partitioning

With pK; 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
system no transfer of PFCAs from water to the atmosphere has been observed at pH >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 >1.0 um particle retention). 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 (cg.s phase) and water
concentrations based on filtered water samples (c,.:.:) 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 Assessment of the PBT-properties of PFO(A)

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 XllIl. 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 vPvB-
substances 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
XIll, 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 PBT-
substance 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 21% 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 non-
standard 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.

17



4 Overall evaluation of the results

4 Overall evaluation of the results

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) No data were available on partitioning between the atmospheric gas and particle phase,
ii) uncertainties of the pK; values of PFCAs lead to uncertainties regarding the role of the acids
in the environment, for example in air-water partitioning and
iii) 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 sediment-
water 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 >C;-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 pK, 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 pK, 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 Cy;.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) "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)

ii) "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 wide-
range 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
evidence that wide distribution could occur], in addition to specific real or ‘borderline’ PBT/vPvB
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

20



4 Qverall evaluation of the results

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)  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.

i) 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 pKj is <1.6 for C4.1,-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 pK, 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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ABSTRACT

In situ measurements of air and water phases at a wastewater treatment plant (WWTP) were used to
investigate the partitioning behavior of perfluorocarboxylic acids (PFCAs), perfluorosulfonic acids (PFSAs)
and perfluorooctyl sulfonamide (HFOSA) and their conjugate bases (PFC s, PFS™s, and FOSA™, respec-
tively). Particle-dissolved (R4) and air-water (Qaw) concentration ratios were determined at different
tanks of a WWTP. Sum of concentrations of C4-12,14 PFC(A)s, C465,10 PFS(A)s and (H)FOSA were as high
as 50 pg m > (atmospheric gas phase), 2300 ng L' (aqueous dissolved phase) and 2500 ng L' (aqueous
particle phase). Particle-dissolved concentration ratios of total species, log Rq4, ranged from —2.9 to 1.3 for
PFS(A)s, from —1.9 to 1.1 for PFC(A)s and was 0.71 for (H)FOSA. These field-based values agree well with
equilibrium partitioning data reported in the literature, suggesting that any in situ generation from pre-
cursors, if they are present in this system, occurs at a slower rate than the rate of approach to equilibrium.
Acid Qaw were also estimated. Good agreement between the Qaw and the air-water equilibrium partition
coefficient for CgPFCA suggests that the air above the WWTP tanks is at or near equilibrium with the
water. Uncertainties in these Qaw values are attributed mainly to variability in pK, values reported in
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the literature. The WWTP provides a unique environment for investigating environmental fate processes
of the PFCAs and PFSAs under ‘real’ conditions in order to better understand and predict their fate in the

environment.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Perfluorocarboxylic acids (PFCAs), perfluorosulfonic acids
(PFSAs) and perfluorooctyl sulfonamide (HFOSA) and their conju-
gate bases (PFC"s, PFS”s, and FOSA™, respectively) have been pro-
duced since 1950 (Prevedouros et al., 2006). Today, these
anthropogenic compounds are ubiquitous in the environment
and wastewater treatment plants (WWTPs) are known to be one
source for per- and polyfluorinated compounds into the environ-
ment (Houde et al., 2006; Ahrens, 2011).

To better understand and to be able to model the fate of
PFC(A)s, PFS(A)s and (H)FOSA, knowledge of their partitioning be-
tween different environmental phases (e.g. between water and
particles or between air and water) is crucial. Several studies have
investigated the particle-dissolved partitioning under controlled
conditions (Ochoa-Herrera and Sierra-Alvarez, 2008; Pan et al.,
2009; Enevoldsen and Juhler, 2010) as well as in the field (Ahrens
et al., 2010; Kwadijk et al., 2010; Labadie and Chevreuile, 2011; Li
et al., 2011); whereas limited data are available for air-water par-
titioning of these compounds (Li et al., 2007; Kutsuna and Hori,
2008). Absence of such data can be attributed to the challenges
associated with the design of reliable laboratory experiments. For
example the surface active behavior of PFCs™ and PFSs~ might bias
the results (Li et al., 2007). The present study combines new water-
side measurements at different tanks of a WWTP with previously
reported air-side results (Vierke et al., 2011) to investigate the par-
ticle-dissolved partitioning behavior in water and air-water parti-
tioning behavior of PFC(A)s, PFS(A)s and (H)FOSA.

The overall process of wastewater treatment is dynamic. Chem-
icals within the wastewater are partitioning between the freely
dissolved phase and particles present in the wastewater. At the
same time, chemicals present in the dissolved phase, surface water
are subject to exchange with the overlying atmosphere. It is possi-
ble that sub-processes such as particle-water and air-water parti-
tioning are able to approach equilibrium. This would require that
the rate of approach to equilibrium is much faster than, for exam-
ple, any rate of formation associated with precursor degradation.

The aim of the present study is to derive in situ particle-dis-
solved (R4) and air-water (Qaw) concentration ratios for PFC(A)s,
PFS(A)s and (H)FOSA for a WWTP, while taking into account the
ionizability of these compounds. The derived values are then com-
pared to reported thermodynamic equilibrium partition coeffi-
cients. Uncertainties associated with both the in situ values and
the reported values are discussed in light of improvements that
can be made to future investigations. To our knowledge, this is
the first field-based study investigating air-water partitioning of
PFCAs, PFSAs and HFOSA.

2. Methods and materials
2.1. Terminology

In the aqueous environment, acids are in equilibrium with their
conjugate bases. The acid-base equilibrium depends on the pH of
the medium and the pK; of the acids. As suggested in the literature
(Buck et al., 2011) we refer to the PFCA acids by adding an “A” to
the acronym (Table 1). This system was also applied to PFSAs
(Table 1). To facilitate the readers’ understanding of acronyms
the conjugate bases are indicated with a minus symbol. It is in line

with this definition to name the perfluoroctanesulfonic acid as
PFOSA, which in other studies was used for the HFOSA. Here, HFO-
SA represents the acid and FOSA™ represents the conjugate base.
For both species parenthesis are used, i.e. PFS(A), PFC(A) and
(H)FOSA.

2.2. Chemicals

The present study focuses on C4_12,14 PFC(A)s (Perfluorobutano-
ate PFB~, Perfluoropentanoate PFP~, Perfluorohexanoate PFHX,
Perfluorohepantoate PFHp -, Perfluorooctanoate PFO -, Perfluorono-
nanoate PFN~, Perfluorodecanoate PFD, Perfluoroundecanoate
PFUNnD ", Perfluorododecanoate PFDoD, Perfuorotetradecanoate
PFTD ™ and the respective acids), C46510 PFS(A)s (Perfluorobutane
sulfonate PFBS™, Perfluorohexane sulfonate PFHxS™, Perfluorooc-
tane sufonate PFOS~, Perfluorodecanesulfonate PFDS™ and the
respective acids) and (H)FOSA. Detailed information on analytes,
mass-labeled internal standards and other chemicals used are pro-
vided in Tables SM1 and SM2.

2.3. Sampling

Sampling was conducted on a WWTP in Ontario, Canada with
all samples being collected between 15th and 28th of April 2010.
Air and water sampling were carried out at an aeration tank and
at a secondary clarifier. Water samples were also collected from
a primary clarifier. Results for the gas-phase concentrations of
PFCAs, PFSAs and HFOSA were previously reported (Vierke et al.,
2011) and are summarized briefly below. In that study active and
passive air sampling was performed. The comparison of the results
obtained from active and passive air sampling was used to produce
reliable results for PFCAs, PFSAs and HFOSA in the gas phase.

For air sampling, as part of the previously reported study
(Vierke et al., 2011), one high volume air sampler was installed
at each sampling site at the rail of the tanks (approximately 2 m
above the water surface) and samples were collected once a week
over 24 h, resulting in an average air volume of 140 m>. The partic-
ulate phase was collected on glass fiber filters (GFFs) (Pall, Quebec,
Canada, Type AJE Glass 102 mm diameter, baked at 250 °C before
sampling) and the gas phase was collected on PUF/XAD/PUF car-
tridges (precleaned large PUF plug, Supelco, Oakville, ON, Canada,
7.6 cm length, 6 cm diameter, 15 g of XAD-2 (SupelcoTM-2), Supe-
Ico) (Vierke et al., 2011). At the end of the 24 h air sampling period,
water samples were collected from the corresponding tanks (note:
the water component of this study was not part of the previous
publication). Approximately 1L water was collected in a brown
glass bottle. The bottles and a bucket, by which the water was car-
ried, were rinsed several times with the corresponding water from
the tank. Surface water temperatures were not measured as they
were expected to be in a similar range as the air temperatures re-
corded above the tanks, given the time of the year. Average tem-
peratures for each 24 h sampling period ranged from 7 to 12 °C.

2.4. Extraction and instrumental analysis
Extraction and instrumental analysis are described elsewhere

(Ahrens et al., 2010; Vierke et al., 2011) and in Table SM 3 and in
Chapter 2 in the SM.
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Table 1

Acronyms for the acids and their conjugate bases of PFC(A)s, PFS(A)s and (H)FOSA.

Number of (CF), groups PerFluoroSulfonic Acid

PerFluoroSulfonate

PFSA PFS
CF3(CF,),S0,0H — CF3(CF,),S0,0~

x=3 PerFluoroButaneSulfonic Acid PerFluoroButaneSulfonate
PFBSA PFBS

x=5 PerFluoroHexaneSulfonic Acid PerFluoroHexaneSulfonate
PFHXSA PFHXS™

x=7 PerFluoroOctaneSulfonic Acid PerFluoroOctaneSulfonate
PFOSA PFOS

x=9 PerFluoroDecaneSulfonic Acid PerFluoroDecaneSulfonate
PFDSA PFDS
PerFluoroOctaneSulfonAmide PerFluoroOctaneSulfonAmide Anion
HFOSA —_— FOSA
CF3(CF,);S0,NH, CF3(CF,);S0,NH
PerFluoroCarboxylic Acid PerFluoroCarboxylate
PFCA PFC
CF5(CF,),COOH —t CF3(CF,),C00

x=2 PerFluoroButanoic Acid PerFluoroButanoate
PFBA PFB”

x=3 PerFluoroPentanoic Acid PerFluoroPentanoate
PFPA PFP

x=4 PerFluoroHexanoic Acid PerFluoroHexanoate
PFHXA PFHx

x=5 PerFluoroHeptanoic Acid PerFluoroHeptanoate
PFHpA PFHp

x=6 PerFluoroOctanoic Acid PerFluoroOctanoate
PFOA PFO~

x=7 PerFluoroNonanoic Acid PerFluoroNonanoate
PFNA PFN

x=8 PerFluoroDecanoic Acid PerFluoroDecanoate
PFDA PFD~

x=9 PerFluoroUnDecanoic Acid PerFluoroUnDecanoate
PFUNDA PFUnD

x=10 PerFluoroDoDecanoic Acid PerFluoroDoDecanoate
PFDoDA PFDoD~

x=12 PerFluoroTetraDecanoic Acid PerFluoroTetraDecanoate
PFTDA PFTD

2.5. Quantification and quality control HA) — Cdissolved (tOtal) 1
AT &

Quantification was performed based on response factors of the
target compounds and their corresponding mass-labeled internal
standards added prior to extraction. Recoveries were calculated
from the mass-labeled internal standard and the injection
standard added prior to analysis. An eight point calibration curve
was used that ranged from 0.005 to 5.0 ng mL™".

Omnisol water was used as blank for the dissolved phase (n = 3)
and tap water was used as blank for the particle phase (n=1) in
water samples.

Instrument detection limits (IDLs) were calculated by extrapo-
lating instrument response to a concentration that would give a
signal to noise ratio of three. For air samples IDLs were based on
blank samples (see Vierke et al., 2011) and for water, tap water
was used for determining IDLs. Sample concentrations below the
concentrations of the blank or below the IDL were not considered
in calculation of concentration ratios.

2.6. Calculation of the concentrations of PFCAs and PFSAs in water

The measured concentration in the dissolved phase is the sum of
the concentration of all species, including the neutral acid (HA) and
the anionic conjugate base (A™). For the partitioning behavior of
PFC(A)s and PFS(A)s in the environment it is important to distin-
guish between species as they behave differently (Webster et al.,
2010). Using the general definition of the acid dissociation constant
and the Henderson-Hasselbalch equation the concentrations of HA
in the dissolved phase can be calculated as shown in Eq. (1).
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Cdissolved(total) is the measured concentration of all species dis-
solved in the aqueous phase at the given pH.

The pH of the WWTP tanks was 7.5 (measured by the operator
of the WWTP) and so accordingly the aqueous phase pH is 7.5. Dif-
ferent pK, values for linear PFCAs and PFSAs are reported and dis-
cussed in the literature (Table 2 and Table SM4). To calculate
concentrations of PFCAs and PFSAs in the dissolved phase, mini-
mum and maximum pK, values reported in the literature were
used (Table 2).

2.7. Calculation of particle-dissolved partitioning in water

It is recognized that in the case of ionizing organic acids, several
species have the potential to partition to organic matter (Jafvert
et al., 1990). Ry was calculated for each analyte including all spe-
cies (Eq. (2)). The particle-dissolved partitioning coefficient is usu-
ally abbreviated as Kj. In the present study we use Ry to take into
account that the system at the WWTP may not be in equilibrium.

_ Charticles
Rd Cissolved (tOtal) (2)
Cparticles 1S the concentration measured in the aqueous particle
phase, and can be expressed in units of either ngL™' (based on
the volume of filtered water in L, which can also be converted to
ngcm > based on the density of water ie. by dividing by
1000 cm L) or in units of ng g~ based on the weight of particles
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Table 2

Reported pK, values (n = number of reported values) and calculated Qaw values for PFSAs, PFCAs and HFOSA. Qaw are reported as an average over all samples from the aeration
tank and the secondary clarifier (n = 3 respectively, except for PFPA where n = 2 and PFDoDA at the secondary clarifier where n = 1). For each sample, the concentration of neutral
acid in the dissolved aqueous phase was calculated using the minimum pK, and the maximum pK,.

Reported pK, (n)*

Aeration tank

Secondary clarifier

Qaw (min reported pK;)

Qaw (max reported pK,)

Qaw (min reported pK,)

Qaw (max reported pK,)

PFHXSA ~5.5to 0.14 (3) 6.5 x 10°+5.2 x 10° 15+1.2 2.7 x10°%5.5 x 10* 0.63+0.1

PFOSA ~5.5t0 0.14 (3) 21 x10°+9.7 x 10° 48x102+23x102 53 x 10*+5.6 x 10* 0.12+0.1

PFBA 0.08 to 0.7 (6) 34+32 8.1+78 24+12 58%29

PFPA ~0.1 to 0.64 (4) 24+18 44134 4335 7.8+6.5

PFHXA ~0.16 to 0.9 (4) 57+23 56+2.3 3606 0.35+0.1

PFHpA ~0.19 to ~0.15 (2) 91+45 83+41 2.7%2.0 2518

PFOA ~0.2 to 3.8 (13) 46+21 46x10%+£21x107 92440 92 x10%+4.0x%x 1074
PFNA -0.21 to —0.17 (2) 32429 29+26 82145 75+4.1

PFDA ~0.42 t0 2.6 (5) 711 12x10%2£16x10°3 3.6%2.0 59x103+33x103
PFUNDA -0.39t02.7 (5) 42102 64x103+£32x107* - -

PFDoDA ~0.87 t0 3.2 (7) 50+4.6 23x103+21x103 1.7 7.6 x1074

HFOSA 6.24-6.52 (2) 79%x10%£5.5 x 10 43x10°£30x10°° 19x10%£15x10* 1.9 x 10°£3.3 x 10?

¢ (Henne and Fox, 1951; Brace, 1962; Ylinen et al., 1990; Igarashi and Yotsuyanagi, 1992; Moroi et al., 2001; Brooke et al., 2004; Lépez-Fontan et al., 2005; Burns et al.,
2008; Steinle-Darling and Reinhard, 2008; Goss, 2008a; Goss, 2008b; Rayne et al., 2009a; Rayne et al., 2009b; US Department of Health and Human Services, 2009; Wang

etal, 2011).

(g) on the filter after filtration. cyjssoivea(total) is the concentration of
all species measured in the dissolved phase in ng L™". Here the units
used are such that Ry is dimensionless or has the unit cm=>g~'. To
account for dependence of the partitioning of PFC(A)s and PFS(A)s
to organic carbon in the solids as shown by different studies (Hig-
gins and Luthy, 2006; Ahrens et al., 2010) Ry was normalized to
the organic carbon fraction by multiplying Ry with 100 divided by
the percentage of organic carbon to obtain Roc. If only the acid is
considered to partition into the organic phase, Q¢ is calculated
by inserting cCqissoivea( HA) instead of cgissorvea(total) in Eq. (2) (Sch-
warzenbach et al., 2003). For each analyte two Qo have been calcu-
lated, representing the results when the minimum and maximum
reported pK, values are used to calculate cgissoveda(HA) (see
Section 2.6).

Recently it was shown that under environmental conditions the
role of the partitioning of anionic base is negligible and observed
distributions are calculable from the properties of HA alone (Web-
ster and Ellis, 2011). Thus, in the present field-based study, the
physicochemical properties of HA are used for calculating the sin-
gle species concentration ratios.

2.8. Calculations of air-water partitioning

According to theory, the vapor pressure of the anionic conjugate
base of PFOA, PFO, and also of other anionic conjugate bases of
PFCAs and PFSAs is zero (Schwarzenbach et al., 2003; Barton
et al., 2007). Hence it is reasonable to assume that if PFCAs or PFSAs
are detected in the gas phase of the atmosphere it must be the neu-
tral species.

Therefore single species Qaw refer to the acids (Eq. (3)). In the
present study we refer to the field-derived concentrations ratios
using the constant Qaw to take into account that the air-water sys-
tem at the WWTP may not be in equilibrium.

Cair
= Al 3
QAW Cdissolved (HA) ( )

Cair is the concentration in the gas phase of the atmosphere and cgis-
solved(HA) is the concentration of the acids in the dissolved phase in
water. Cgissolved(HA) was calculated in the same way as for Qoc by
inserting the minimum and maximum in the range of pK, values
in Eq. (1). Therefore two concentration ratios were obtained for
each analyte.

3. Results and discussion
3.1. Quality control

IDLs for water samples ranged from 0.01 to 0.5 ng L' in the dis-
solved phase and 0.001-03ngL~' in the particle phase
(Table SM5). Dissolved phase blank concentrations were below
the IDLs, except for PFB(A) (0.3 ng L™ !). Particle phase blank con-
centrations ranged from 0.01 to 1.4 ngL ' (Table SM6). Average
recovery rates of mass-labeled internal standards in water samples
were 77% in the dissolved phase and 79% in the particle phase
(Table SM7).

3.2. Concentrations in the atmosphere

Gas phase concentrations of PFCAs, PFSAs and HFOSA ranged
from <IDL to 50 pgm > at the aeration tank and from <IDL to
25pgm > at the secondary clarifier (Table SM8) (Vierke et al.,
2011). PFBSA, PFDSA and PFTDA were not detected in any samples
(Vierke et al., 2011). Arp and Goss (2008) have shown that gas-
phase PFCAs can adsorb to filters, i.e. GFFs as used in the present
study. However, by the comparison of different sampling tech-
niques in our previous study we were able to conclude that this
artifact has a relatively minor influence on the gas-phase concen-
trations in the current study (Vierke et al., 2011).

3.3. Concentrations in water

Of the target compounds, PFOS(A) had the highest concentra-
tions in the dissolved phase (1100 + 170 ng L' at the primary clar-
ifier, 1800 + 590 ng L' at the aeration tank and 680 + 110 ng L' at
the secondary clarifier, respectively; n = 3 for each). The average of
the sum of all other PFC(A)s and PFS(A)s in the dissolved phase was
100+ 15 ng L' at the primary clarifier, 140 + 40 ng L' at the aer-
ation tank and 130 +20 ng L' at the secondary clarifier (n =3 for
each) (Tables SM9 and SM10 for concentrations of acids). The con-
centrations are not significantly different (p = 0.1) and demonstrate
general uniformity in dissolved-phase concentrations throughout
the WWTP. PFDS(A) was not detected in the dissolved phase of
the primary and secondary clarifier and PFTD(A) was not detected
in two samples of the secondary clarifier.

In the particle phase, PFOS(A) again exhibited the highest con-
centration (70+14ngL™' (110+40ngg '), 2300+220ngL"’
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(402+250ngg ') and 22+10ngL ' (56+39ngg ') at the pri-
mary clarifier, aeration tank and secondary clarifier, respectively;
n =3 for each). The sum of all other PFC(A)s and PFS(A)s in the par-
ticle phase was 6.2+23ngL™' (11+6.9ngg™ ') at the primary
clarifier, 170 20 ng L' (27 +12ngg ') at the aeration tank and
21+1.1ngL ' (6.3+69ngg ') at the secondary clarifier (n=3
respectively) (Table SM11). Due to high tap water blank concentra-
tions for the particle phase, the concentrations of (H)FOSA,
PFHp(A), PFO(A) and PFTD(A) at the primary and secondary clari-
fier were not reported. PFBS(A) was detected in two of three sam-
ples at the secondary clarifier and was not detected in all other
samples. Higher concentrations in the aeration tank compared to
the clarifiers is caused by the mixing of this tank and the expres-
sion of concentrations in weight per volume of water (ngL™'). In
the clarifiers, particles settle to the bottom of the tanks with few
particles near the water surface (where the water samples are
collected).

The degradation of precursors could have an influence on con-
centrations and distribution of PFC(A)s and PFS(A)s in WWTPs. Pre-
vious studies have raised the possibility that particularly during
the aeration process, polyfluorinated chemicals are degraded to
form PFC(A)s and PFS(A)s (Sinclair and Kannan, 2006; Loganathan
et al.,, 2007). For example biodegradation of fluoroteleomeralcohols
(FTOHs) was shown to lead to the formation of PFCAs (Dinglasen
et al., 2004). If such degradation is occurring in the WWTP in the
present study, it may explain the higher concentrations of PFCAs
and PFSAs in the aeration tank water compared to the primary clar-
ifier, but not in the secondary clarifier. Concentrations of precur-
sors, i.e. FTOHs, were shown to be elevated in the atmosphere
above the aeration tank compared to sites outside of the WWTP
(Ahrens et al., 2011; Vierke et al., 2011) indicating their abundance
in the water phase.

3.4. Particle-dissolved partitioning in water

The measured particle phase organic carbon percentages were
19% at the primary clarifier, 0.27% at the aeration tank and 2.7%
at the secondary clarifier. Log Ry for PFS(A)s and PFC(A)s were
highest for the aeration tank compared to the clarifiers (Fig. 1,
Tables SM12 and SM13 for details, also for Roc and Qoc). The
greatly enhanced particle-dissolved concentration ratios for
PFS(A)s and PFC(A)s in the aeration tank (more than one order of
magnitude higher compared to the clarifiers) is not explained by
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the OC-contents of the particles. Differences in particles sampled
at the different tanks may contribute to differences in the concen-
tration ratios. For instance, as discussed previously the clarifiers
are relatively calm and larger particles settle to the bottom. The
samples collected near the surface of the water will therefore re-
flect the finer and more buoyant particles; whereas aeration tanks
are turbulent with a well-mixed particle phase.

Log Ry values increased for PFS(A)s with increasing chain length
with approximately one log unit per C-atom. For PFC(A)s this trend
was not as obvious but still the overall trend of log Ry values with
chain length was increasing, except for PFB(A). Compared to log Ry
values for Cg_g PFC(A)s, the log R4 for PFB(A) was remarkably high
(i.e. 0.4). This could be due to differences in partitioning mecha-
nisms, however, more data are necessary to explore this further.
To the best of our knowledge this is the first study quantifying
sorption of PFB(A). Higgins and Luthy (2006) also observed an
increasing trend of Koc with increasing chain length for PFOA to
PFUNDA. However, other studies did not observe such a clear trend
for PFHXA to PFUnDA (Kwadijk et al., 2010; Li et al., 2011).

For PFOS(A) Roc (Table SM12) estimates at the secondary and
primary clarifier were 0.2-0.7 log units higher compared to the
carboxylic acid with the same fluorinated chain length, i.e. PEN(A).
Similar results were observed for PFDS(A) and PFUnD(A) where
concentration ratios at the aeration tank were one log unit higher
for PFDS(A). Higher partition coefficients for PFS(A)s compared to
PFC(A)s (of about 0.2 log units) have also been observed in other
studies (Higgins and Luthy, 2006).

Higgins and Luthy (2006) performed sorption experiments with
different freshwater sediments under equilibrium conditions in
centrifuge tubes. They report Koc for PFOS(A), PFDS(A), PFO(A),
PFN(A), PFD(A) and PFUnD(A) (Table SM14), which in most cases
are in the same range as the results from the primary and second-
ary clarifier. The agreement indicates that the particle-water par-
titioning at the clarifiers is at or near equilibrium. Roc from the
aeration tank are higher compared to Koc from the laboratory
study (Higgins and Luthy, 2006). K4 from another sorption study
using a batch set-up under laboratory conditions are lower for all
PFCAs compared to the results from the WWTP (Enevoldsen and
Juhler, 2010) (Table SM14). For PFBS(A) and PFOS(A) measured at
the secondary clarifiers, Rq shows good agreement with K, from
the batch study by Enevoldsen and Juhler (2010). As properties
of the solid material can have an influence on sorption, a compar-
ison with results obtained with sludge from a WWTP is most
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Fig. 1. Particle-dissolved concentration ratios (R4) for PFS(A)s, PFC(A)s and (H)FOSA at the aeration tank, the secondary and primary clarifiers. Missing data are due to poor

detection in either dissolved phase, particle phase or both.
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appropriate. Sorption coefficients under equilibrium conditions for
sludge are up to now, to the best of our knowledge, reported for
PFOS(A) only (Ochoa-Herrera and Sierra-Alvarez, 2008). Log K4 ran-
ged from 1.9 to 2.4 for anaerobic digested sewage sludge and
anaerobic granular sludge (Ochoa-Herrera and Sierra-Alvarez,
2008), which is in very good agreement with Ry for PFOS(A) from
our study (log Rq=1.9-2.3) and provides further support that the
equilibrium conditions were achieved at the WWTP.

Furthermore, Yu et al. (2009) report log K4 values for PFO(A)
ranging from 2.3 to 2.7 cm® g in two sewage treatment plants
(Table SM14). These results agree with log Rq=2.1cm?>g ! (log
R4 =—-0.5) observed for PFO(A) in the aeration tank during the pres-
ent study. For PFOS(A), Yu et al. (2009) reported a log K4 =2.9-
3.4 cm>g !, which is slightly higher compared to the results for
PFOS(A) from the present study at the various tanks (log R4 =
20cm?g ! (log Rg=-12), 24cm*g ' (log R4=0.15) and
1.9cm’g! (log Rq=—1.5) at the primary clarifier, aeration tank
and secondary clarifier, respectively). Arvaniti et al. (2012) calcu-
lated K4 values for different samples from two WWTPs whereby
results from mixed liquor samples from aeration tanks might be
most appropriate for comparison with results of the present study.
Rq4 values from the aeration tank were in the lower range of Ky val-
ues reported by Arvaniti et al. (log Kq = 2.5-4.0 cm? g~ for PFHx(A)
to PFUND(A) and log Kq = 2.0-4.0 cm® g ' for PFHXS(A) and PFOS(A)
in mixed liquor Arvaniti et al., 2012). Also Arvaniti et al. (2012) ob-
served variations in partition coefficients for different sludge
samples.

The preceding discussion of particle-dissolved partitioning of
PFCAs and PFSAs and the discussion in the literature do not address
the identity of the species sorbed to the particles. In addition, the
present study reports the concentration ratio of the neutral spe-
cies, Qoc (Table SM13). Qoc for PFSAs showed an increasing trend
with chain length, whereas the trend for Qoc of PFCAs was not as
clear.

3.5. Air-water partitioning
Average calculated Qaw values for PFCAs, PFSAs and HFOSA are

shown in Table 2 and Fig. 2, and complete results are given in the
Table SM15. Missing data for some analytes, i.e. PFBSA, PFDSA and
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PFTDA (and PFUnDA at the secondary clarifier), should not be
interpreted as an inability of these chemicals to partition between
air and water but rather as a limitation of the detection system. We
note that differences in air temperature (7-12 °C) during the sam-
pling campaign were too small to observe any correlations be-
tween partitioning behavior and temperature.

The wide variation in the calculated Qaw (Table 2 and Fig. 2) are
attributed to the wide range of pK, values applied in the calcula-
tions, which can vary by up to two orders of magnitude. Another
source of uncertainty is offsets or differences in the time and dura-
tion of water and air sampling. However, the variability associated
with this aspect is expected to be much smaller and probably with-
in a factor of about two. Water concentrations in the samples col-
lected within this study shows variations of usually much less than
a factor of two. Results from air samples collected above the tanks
were also consistent with time and indicate that underlying water
concentrations do not vary considerably over time (Vierke et al.,
2011).

3.5.1. Comparison with measured air-water equilibrium partition
coefficient (Kaw,) for PFOA

Measured Kaw values for PFOA have been reported from two
laboratory studies. Li et al. (2007) measured the air-water parti-
tioning of different organic acids, including PFOA, by inducing
evaporation from a water surface. Kutsuna and Hori (2008) used
an inter-gas stripping method with a helicate plate to investigate
air-water partitioning of PFOA.

The reported Kaw values for PFOA are 0.001 (Li et al., 2007) and
0.004 (assuming a pK, of 2.8) and 0.007 (assuming a pK, of 1.3)
(Kutsuna and Hori, 2008). These are consistent measurements that
vary by less than an order of magnitude. In the experimental setup
used by Li et al. (2007), the pH was adjusted to 0.6 whereas Kutsu-
na and Hori (2008) operated at a pH <0.6. Low pH ensures that
most of the PFO(A) is in the protonated, i.e. PFOA, form.

The Qaw from both the aeration and clarifier tanks most closely
matches the laboratory Kaw measurements when the maximum
reported pK, is used (Fig. 2, Tables SM15 and SM16) but are three
and four orders of magnitude higher when the minimum reported
pK, is used. Precursor degradation into PFO(A) in the tank at a suf-
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Fig. 2. Log Qaw for PFSAs, PFCAs and HFOSA calculated with minimum (top of range bars) and maximum (bottom of range bars) reported pK, values, for the aeration tank
(solid black vertical bars) and the secondary clarifier (dashed grey vertical bars). The average of the measured Kaw values for PFOA reported in the literature are indicated with
a circle (Li et al.,, 2007; Kutsuna and Hori, 2008) and solid blue lines indicate minimum and maximum reported Kay from model predictions (for HFOSA, model values are
indicated with an x) (Arp et al., 2006; Armitage et al., 2009; Rayne and Forest, 2009a; Rayne and Forest, 2009b; Wang et al., 2011). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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ficient rate to impact the relative air-water concentrations would
result in Qaw < Kaw. As this has not been observed for any of the
calculated Qay in situ production of PFOA must be occurring much
more slowly than the rate of approach to equilibrium (i.e. parti-
tioning kinetics) between the aqueous and gas phases. A Qaw > Kaw
could occur if PFOA is actively transported out of the water into the
air via spray generation at the aeration tank, in exceedance of its
equilibrium concentration. In other words, if passive diffusion of
the acid is not the only transport process occurring. At the clarifier
tank where the water surface is calm, no process is known to exist
that could explain Qaw > Kaw. It suggests that the upper range of
reported pK, best represents actual conditions.

3.5.2. Dependence of Qaw with chain length

The reported estimated pK, values for PFHpA and PFNA are be-
tween three and four log units lower than highest pK, values re-
ported for PFOA. If a pK, of 2.9 (estimated for PFOA; Wang et al.,
2011) is applied to all three compounds as the highest pK,, the
recalculated Qaw values for PFHpA, PFNA and PFOA imply for
PFCAs an overall tendency of decreasing Qaw with increasing chain
length. Similarly, for the PFSAs, calculations always give a lower
Qaw for PFOSA than for PFHXSA (i.e. decreasing Qaw with increas-
ing chain length). However, when the minimum reported values
for the pK, of the PFCAs is applied, the results give Qaw values that
are all within two orders of magnitude. This variation in Qaw is
much less than the previous prediction of approximately 0.5 log
units per CF, unit (Arp et al., 2006).

The Kaw is proportional to the vapor pressure of a chemical di-
vided by its aqueous solubility. For the longer chain PFCAs, Kaiser
et al. (2005) measured a decreasing vapor pressure with increasing
chain length. Similarly, a decreasing aqueous solubility with
increasing chain length has been predicted (Rayne and Forest,
2009b). Because both terms decrease with increasing chain length,
it is the relative rate of decrease with chain length that will deter-
mine whether the Kaw will decrease or increase with chain length.
Wang et al. (2011) suggested that the molecular volume of a chem-
ical influences the free energy cost of cavity formation. A longer
chain length results in a higher molar volume and raises the energy
costs for cavity formation in the aqueous phase, whereas energy cost
is lower for the gaseous phase. Therefore partitioning to the gaseous
phase is expected to increases with chain length, as this results in a
lower energy requirement. Air-water partitioning measurements
are available for FTOHs and show conflicting results in terms of
how Kaw changes with increasing chain length. A study, which con-
sidered both measured values and estimated values, reports an
increasing trend for Kaw with increasing chain length (Goss et al.,
2006). Another experimental study showed a decreasing trend of
Kaw with increasing chain length for FTOHs (Lei et al., 2004). The lat-
est laboratory studies on air-water partitioning for FTOHs shows
again a decrease in Kaw with chain length for 6:2 and 8:2 FTOH,
which is explained by the change in conformation of the molecules
with chain length (Wu and Chang, 2011). Arp et al. (2006) showed
that the formation of different conformations due to intramolecular
electrostatic interaction have an influence on partitioning behavior
of highly fluorinated compounds compared to stretched confirma-
tions. Intramolecular interactions also influence the pK, values. Ray-
ne et al. (2009b) reported an increasing pK, with increasing chain
length (>Cs) for PFCAs, which was explained by formation of cyclic
structures by intramolecular hydrogen bonding between the car-
boxylic group and the terminal CF5-group. This increasing pK, with
increasing chain length would also have an influence on the trend of
Qaw with chain length. However, the exact influence of the varying
chain length of PFCAs and PFSAs on the Kay is still under discussion
(Arp et al., 2006; Wang et al., 2011).

When considering literature data for homolog series of other
compound classes, i.e. chloroalkanes, chloroalkenes, bromoalkanes,
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iodoalkanes and “mixed halides”, there is also no definite trend of
increasing or decreasing Henrys Law values with chain length
(Mackay et al., 2006).

4. Conclusions

The present study delivers the first field-derived air-water con-
centration ratio (Qaw) for PFCAs, PFSAs and HFOSA from in situ
measurements at a WWTP. These values agree well with measured
Kaw for PFOA from laboratory experiments. There remains, how-
ever, a need for reliable pK, values that can be applied to assess
the environmental partitioning for PFCAs, PFSAs and HFOSA. These
measurements provide insight to the environmental partitioning
and fate of these chemicals in air-water systems which is key to
predicting their long-range transport, multi-media distribution
and long-term environmental fate.

In situ measurement at the WWTP were also used to investigate
partitioning between the particle and dissolved phase for PFC(A)s,
PFS(A)s and (H)FOSA. The results agree well with data reported in
the literature.

The relatively good agreement between the results from this
study and reported partition coefficients from laboratory studies
suggests that despite the dynamic nature of the WWTP, equilib-
rium partitioning is approached between the various phases that
were investigated (i.e. air, water and particles).

The use of a WWTP for investigating multimedia partitioning of
PFCAs and PFSAs in a real environment is advantageous compared
to lab-based studies in that some of the experimental artifacts (e.g.
sorption effects) can be avoided. The elevated concentrations at
WWTPs also simplify analytical/detection issues compared to mea-
surements in natural environments. The higher concentration in
air at the WWTP are also an advantage to overcoming potential
sampling artifacts and blank issues for gas-phase samples (Vierke
et al,, 2011). Lastly, the study revealed several sources of uncer-
tainty that could be improved upon in future investigations. For in-
stance, it may be advantageous to coordinate air and water
sampling to minimize the affect of fluctuating concentrations of
target compounds in these media. These fluctuations could be bet-
ter quantified with additional sample collection. However, the
greatest source of uncertainty is in the reported pK, values. This
uncertainty needs to be resolved by improved experimental mea-
surement techniques.
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1. Chemicals

Methanol (LC-MS grade, OmniSolv >99.99%), water (OmniSolv) and ammonium acetate (min.

97%) were purchased from EMD. Anhydrous sodium sulfate were purchased from Fischer

Scientific, Supelclean EnviCab from Supelco and glacial acetic acid (>99.7+%) from Alfa Aesar.

The water (OmniSolv) was cleaned using Oasis WAX cartridges (Waters) to remove possible

contaminations. Nitrogen was purchased from Linde.

Table SM 1 Target compounds with abbreviation, chemical formula, precursor and product ion,

supplier, purity and internal standard (IS).

Analyte Acronym| Chemical [Precursor/| Supplier (purity) IS
Formula product
ion

Perfluorooctane Wellington 13
sulfonamide HFOSA [CoF17SONHZ498/78 | Jporatories (>98%) CyPFOS
Perfluorobutane . 3 \Wellington 18,
sulfonate PFBS™ |CaFsSO,0- 29980 | poratories (>98%) BPFHES
Perfluorohexane ; _ Wellington 18
sulfonate PPHXS" CeF15S0.0™ 399/80 | o1 oratories (>98%) OrPFHXS
rerfluoraoatans PFOS™ |CoF17S0.0” [#99/80  |Aldrich (98%) 13C,-PFOS
sufonate
Perfluorodecane : _ Wellington 13
sulfonate PFDS™ [C1oF2iS0;07599/99 || o otories (08%)| C+PFOS
Perfluorobutanoate - = Wellington 13

PFB Cs;F,COO~ [213/169 Laboratories (>98%) C4-PFBA
Perfluoropentanoate - _ \Wellington 13

PFP C4FoCOO~ [263/219 Laboratories (>98%) C-PFHxA
Perfluorohexanoate . . Wellington 13

PFHXx |CsF41COO~ [313/269 Laboratories (>98%) C,-PFHxA
Perfluorohepantoate  |PFHp™  |CsF1,COO~ [363/319 |Aldrich (98%) °C4-PFOA
Perfluorooctanoate  |PFO°  |C;FsCOO~ 1413/369 |Aldrich (98%) 3C,.PFOA
Perfluorononanocate  [PFN"  |CgF1;COO~ 1463/419 |Aldrich (98%) *Cs-PFNA
Perfluorodecanoate PFD™  |CoF19COO~ [513/469 |Aldrich (98%) °C,-PFDA
Perfluoroundecanoate |PFUND™ [C1oF.;COO- [563/519 |Aldrich (98%) *C,-PFUNDA
Perfluorododecanoate [PFDoD™ |C,F2;CO0™ |613/569 |Aldrich (98%) °C,-PFDoA
PerfuorotetradecanoatePFTD™ |C13F2sCOO™ [713/669 |Aldrich (98%) '*C,-PFDOA
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Table SM 2 Internal standards with abbreviation, chemical formula, precursor and product ion,

supplier and purity.

Analyte Acronym Chemical formula Precursor/ Supplier (purity)
product ion

Perfluoro-1-hexane-("°0;)  [°0,-PFHxS|CsF13S[°0,]0~ 403/103  Wellington Laboratories
sulfonate (>98%)

Perfluoro-1-("*C,)-octane  [°C4- PFOS™ |C4Fq[1,2,3,4-"°Cy]- 503/99 Wellington Laboratories
sulfonate FsSO,0” (>98%)

Perfluoro-n-("*C,)-butanoate [°C,- PFB" [2,3,4-°CF,°COO~  [217/172  |Wellington Laboratories
(>98%)

Perfluoro-n-("*C,)-octanoate [°C4-PFO"  |C4Fq[2,3,4-"°C3]- 417/372 Wellington Laboratories
Fe'*COO~ (>98%)

Perfluoro-n-(**Cs)- ®Cs-PFN  [C4F4[2,3,4,5-"°C,)- 468/423  \Wellington Laboratories
nonanoate Fs'°COO~ (>98%)

Perfluoro-n-(**C,)-decanoate[°C,-PFD"  |CgF;°CF,"°COO" 515/470  |Wellington Laboratories
(>98%)

Perfluoro-n-("*C,)- C,-PFUND[CoF 1 °CF,"*CO0O"~ 565/520  |Wellington Laboratories
undecanoate (>98%)

Perfluoro-n-(**C,)- *C,-PFDo™ [C1oF21°CF,"°COO~  [615/570  |Wellington Laboratories
dodecanoate (>98%)

Perfluoro-n-("*C,)-hexanoate[°C,-PFHx  |C4Fs°CF,"COO" 315/270  |Wellington Laboratories
(>98%)

Perfluoro-1-("*C,)-octane  [°Cg-PFOS" [C4F¢[1,2,3,4-"°C4]- 507/80 Wellington Laboratories
sulfonate FsSO,0~ (>98%)

Perfluoro-n-("*C,)-octanoate [°Cg-PFO™  |C4Fo[2,3,4-"°C3]- 421/376  \Wellington Laboratories
Fe'*COO~ (>98%)

2. Extraction and Instrumental Analysis

After sampling the GFFs and the PUF/XAD/PUF cartridges from air sampling were wrapped in

aluminum foil and stored at 6 °C in a fridge until extraction. The bottles with the water samples

were stored at -12 °C unti

| extraction.

Extraction of PUF/XAD/PUF cartridges from air samples is described in Vierke et al. (Vierke et

al., 2011). Briefly PUF/XAD/PUF cartridges were Soxhlet extracted using methanol for 10 — 14 h
(note: this followed a first extraction with petroleum ether targeting fluorotelomer alcohols
(FTOHSs) and methyl and ethyl polyfluorinated sulfonamides and sulfonamidoethanols, which are
not among the target chemicals in the present study). Prior to extraction, mass-labeled
standards (100 pL of 100 pg pL™") were spiked on the cartridges. The extracts were concentrated
to 1 mL by rotary evaporation and nitrogen blow down. For clean-up 50 uL acetic acid and
0.35 mg EnviCarb were added to the samples. The sample was then mixed using a vortex mixer

S.4
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and centrifuged to separate the aqueous layer. Finally, the cleaned extract (organic layer) was
transferred into PP-vials and the injection standards "*Cg-PFOS™ and "*Cg-PFO™ and OmniSolv®
water (EMD, resulting in a water content of 49 %) were added.

Water samples were first filtered by loading 140 ml to 160 mL sample on glass microfiber
filters (MGFFs; Whatmann, 4.7 cm diameter, baked at 250 °C for 12 h and weighed). The loaded
mGFFs were dried at room temperature, weighed and then spiked with 100 yL PFC/PFS”
internal standard solution (500 pg pL™"). The mGFFs were inserted in PP-tubes and extracted by
sonnication using dichloromethane (3 times for 20 min. > 36 mL) and then methanol (5 times for
20 min. Y60 mL). Extracts were concentrated by rotary evaporation (iso-octane was added as
keeper solvent to dichloromethane extracts) and nitrogen blow down. Sodium sulfate was used
for cleanup of the iso-octane fraction and a part of this fraction was combined with the methanol
extract prior to concentration. For the methanol fraction, cleanup was performed using EnviCarb
in the same way as for air samples.

The dissolved phase, obtained after filtration of water samples, was spiked with 100 uL PFC”
and PFS mass-labeled internal standard solution (500 pg uL™") and was extracted using solid
phase extraction (SPE) with a SPE-manifold (Supelco) and WAX-cartridges (OASIS WAX 6 cc
150 mg 30 um) as described by Ahrens et al. (Ahrens et al., 2010). Briefly, WAX-cartridges were
conditioned using 5 mL methanol and 4 mL water (OmniSolv®). Water was precleaned using
WAX-cartridges. 100 mL filtered water samples were run over the cartridges at an approximate
rate of 1 drop per second. The cartridges were washed afterwards with 5 mL of
0.1 % ammonium hydroxide (NH;OH) in OmniSolv® water. The target compounds were eluted
with 5 mL methanol and 5 mL of 0.1 % NH;OH in methanol. The solvents were collected in PP-
test tubes and concentrated by nitrogen blow down to 1 mL. 200 uL of the sample was
transferred into a PP-vial for LC-MS/MS analysis and 10 pL injection standard (400 pg uL™" of
BCgPFOS PC4PFO’) was added. Samples were diluted with OmniSolv® water (49 %) before
injection.

Instrumental analysis was performed using high pressure liquid chromatography (Agilent,
Mississauga, ON, Canada, 1100 Series) tandem mass spectrometry (HPLC-MS/MS) (Applied
Biosystems, Toronto, ON, Canada, 4000 QTRAP) in electrospray negative ionisation mode at
atmospheric pressure. For separation, a pre-column (Cg, 4-mm length, 2-mm diameter,
Phenomenex, Torrance, CA, USA) and a Luna 3p column (Cg (2), 50-mm length, 2-mm
diameter, Phenomenex, Torrance, CA, USA) was used. Methanol and OmniSolv® water, each
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with 10-mM ammonium acetate, were used as mobile phase. The flow was set to 0.25 pL min™
and the gradient is given in Table S3. The injection volume was 25 pL.

Organic carbon was determined in one mGFF from each water sampling site using Thermal
Optical Transmission box (Sunset Laboratory, Tigard, OR, USA).

Table SM 3 Eluent gradient for LC-MS/MS.

Time (min) | H,0 + 10mM NH,OAc (%) | MeOH + 10mM NH,OAc (%)
0.01 50 50
1.0 45 55
2.0 40 60
3.0 25 75
4.0 20 80
5.0 15 85
10.0 15 85
10.1 5 95
15.0 5 95
15.1 25 75
15.6 50 50
20.0 50 50

3. pK; values for PFCAs, PFSAs and HFOSA from the literature

The pK, value is influencing the dissolved phase concentrations of the neutral acids of PFCAs,
PFSAs and HFOSA. In the literature different pK, values for linear PFCAs and PFSAs are
reported and discussed (see table below). To the best of our knowledge only six experimental
determinations of pK, values are available, most of them for PFOA.

The pK, of 1.3 for PFOA was determined by pH measurements (Lépez-Fontan et al., 2005).
Potential titration done by Igarashi et al. (1992) resulted in a pK, of 1.01 for PFOA. Also a pK, of
2.8 (Brace, 1962) and 3.8 (Burns et al., 2008) was reported for PFOA determined by
experimental set-ups. Kutsuna and Hori (2008) conclude that a pK, of 1.3 for PFOA is most
accurately based on their experimental finding, which focused on the determination of the
Henry’s law constant. Moroi et al. (2001) used different method to experimentally determine pK,
values for PFCAs with one to five (PFHxA) and nine (PFDA) to eleven (PFUnDA) C-atoms. pK,
values for longer chain PFCAs were determined with a solubility method. These results might
not be directly comparable to the results for short chain PFCAs because the pK, is for an
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oligomeric instead of monomeric acid (Moroi et al., 2001). They observed increasing pK, values
from one to three C-atoms followed by a decrease from three to five C-atoms. No explanation
could be delivered for this observation. Furthermore Rayne et al. (2009) summarized
experimental pK, values for different PFCAs. Together with results from Morio et al. (2001) they
stated an increasing pK, with increasing chain length (from higher then Cs on). Rayne and
Forest (2009b) suggest the formation of cyclic structures which can explain increasing pK, with
increasing chain length. The undissociated acid will be stabilized because of intramolecular
hydrogen bonding between the carboxylic group and the terminal CF3-group. But this would only
be possible for longer chain PFCAs (i.e. >Cs).

The experimental determination of pK, values for PFOA and other PFCAs is difficult because
of their surface active properties (Goss, 2008b). Goss (2008a) recommended a pK, of 0O for
PFOA based on analogy considerations. Furthermore models were used to estimate pK, values
ranging from -0.2 to 2.9 for PFOA. The software SPARC is considered to be most appropriate
for estimation (Goss, 2008b).

Based on comparison with measured values, Rayne et al. (2009) argued that computer
models underestimate pK, values. The lack of considering conformations might play a role in the
underestimation (Wang et al., 2011). Exceptions to this observation are pK, values for C, to Cs
PFCAs from Moroi et al. (2001).
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4. Instrumental detection limits, blank concentrations and recoveries

Table SM 5 Instrumental detection limit (IDL) for water samples (in ng). Calculated by

extrapolating instrument response in a tap water sample to a concentration that would give a

S/N value of three. IDL in ng/L is derived based on a sample volume of 100 ml for the dissolved

phase and an average sample volume of 279 ml for the particle phase.

Dissolved phase Particle phase

IDL (ng) [ IDL(ngL™" [IDL (ng) |[IDL (ngL™)
PFBS(A) 0.03 0.29 0.01 0.02
PFHxS(A) 0.002 0.02 | 0.0004 0.002
PFOS(A) 0.01 0.09 0.001 0.002
PFDS(A) 0.004 0.04 0.003 0.01
(HFOSA 0.001 0.01 ] 0.0003 0.001
PFB(A) 0.02 0.15 0.03 0.11
PFP(A) 0.05 0.46 0.08 0.29
PFHx(A) 0.003 0.03 0.001 0.01
PFHp(A) 0.003 0.03 0.001 0.01
PFO(A) 0.003 0.03 0.002 0.01
PFN(A) 0.003 0.03 0.002 0.01
PFD(A) 0.002 0.02| 0.0001 0.0001
PFUND(A) 0.02 0.24 0.001 0.01
PFDoD(A) 0.02 0.23 0.002 0.01
PFTD(A) 0.004 0.04 0.004 0.01

Table SM 6 Concentrations in blank samples from the water phase (in ng L™'; nd = not detected).

Dissolved phase (ng L)

(n=3) Particle phase (ng L)
PFBS(A) nd nd
PFHXS(A) <IDL 0.15
PFOS(A) nd 0.75
PFDS(A) nd 0.05
(HFOSA nd 0.27
PFB(A) 0.30 0.73
PFP(A) <IDL nd
PFHX(A) <IDL 0.33
PFHp(A) nd 0.74
PFO(A) nd 1.35
PEN(A) <DL 0.34
PFD(A) nd 0.01
PFUND(A) nd 0.84
PFDoD(A) <DL 0.72
PFTD(A) nd 0.13
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Table SM 7 Average recovery rates of internal standards in water samples (in % + standard

deviation).
Dissolved phase Particle phase

'®0,PFHxS(A) 122 + 18 110 £ 25
“CPFOS(A) 80+2 76 +5
*CPFB(A) 29+3 63 + 21
SCPFHx(A) 111+9 105 + 12
SCPFO(A) 87 +4 82+5
SCPFN(A) 77 +8 68 + 4
CPFD(A) 83+6 83+7
CPFUD(A) 69 + 11 78+9
*CPFDo(A) 30+ 12 61+ 12

5. Concentrations in samples

Table SM 8 Concentrations in the atmospheric gas phase (in pg m™®). Concentrations below the

IDL or below blank concentrations are reported as <IDL and <blank, respectively; nd = not

detected.
Aeration tank (pg m™) Secondary clarifier (pg m?)

PFBSA nd nd nd nd nd nd
PFHxSA 0.94 0.61 2.1 0.51 0.62 0.41
PFOSA 3.3 1.9 6.2 9.5 0.94 1.6
PFDSA nd nd nd nd nd nd
PFBA 11 9.6 30 23 9.1 25
PFPA 7.0 1.7 0.00 3.6 0.00 9.4
PFHxA 50 16.0 14 1.9 1.6 1.5
PFHpA 13 4.7 11 0.04 0.35 0.43
PFOA 25 8.2 21 4.9 2.8 1.9
PFNA 3.1 1.7 9.3 0.76 0.52 1.4
PFDA 2.6 1.2 1.7 0.65 0.57 0.14
PFUNDA <blank 0.27 0.25 <blank <blank <blank
PFDoDA 0.5 0.1 nd <blank 0.06 <blank
PFTeDA nd nd nd nd nd nd
HFOSA 2.6 2.9 <blank 1.6 3.0 5.3
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Table SM 9 Concentrations in the dissolved phase of water samples (in ng L™"). Concentrations

below the IDL or below blank concentrations are reported as <IDL and <blank, respectively, nd

means not detected.

Primary clarifier (ng L")

Aeration tank (ng L)

Secondary clarifier (ng L")

PFBS(A) 21 20 15 26 P2 14 27 20 21
PFHxS(A) 21 14 21 27 18 16 21 18 18
PFOS(A) | 1100| 950 | 1300 2300 1200] 1900 810] 620 610
PFDS(A) nd nd nd 2.4 1.3 1.5 nd nd nd
(H)FOSA 035 032 025 12| 047| 063| 061] 0.36 0.30
PFB(A) 16 20 16 19 17 11 23 21 18
PFP(A) 5.9 4.0 34 75 6.0 2.5 8.4 5.6 55
PFHx(A) 19 11 7 27 18 12 29 20 16
PFHp(A) 5.1 3.6 3.0 6.6 5.3 4.0 5.5 45 5.3
PFO(A) 12 10 8.0 26 17 16 18 16 17
PFN(A) 5.3 7.1 4.1 9.4 6.7 7.3 5.9 5.6 5.3
PFD(A) 6.1 5.7 4.2 16 9.8 13 7.2 5.8 5.6
PFUND(A) 2.8 3.4 22 35 35 2.9 3.2 2.5 2.4
PFDoD(A) 34 3.7 2.1 3.2 3.1 2.1 2.5 1.9 1.9
PFTD(A) 013] 025] 013 <ibL| 023] 0.5 nd| 0.06 nd
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Table SM 10 Concentrations of neutral acids in the aqueous phase (in pg m®). Concentrations

were calculated from measured concentrations of neutral and anionic acids in water (Table S 9)

using the minimum and maximum pK, values reported in the literature. Therefore for one sample

two concentrations are available. In total there were three samples per sampling site.

Aeration tank Secondary clarifier

Sample 1 | pg m™ (min pK.) pg m> (max pK.) | pg m™ (min pK,) pg m~ (max pKa)
PFBSA 2.6*10° 1.1 2.67 *10° 1.17
PFHxSA 2.7 *10° 1.2 2.08 *10° 9.08 * 10-1
PFOSA 2.3*10* 1.0 *10° 8.10 * 10° 35.4
PFDSA 1.0 %10 1.0*10" - -
PFBA 7.2*10" 3.0 8.74 * 107 3.64
PFPA 1.9*10"7 1.0 2.11*10" 1.15
PFHxA 6.0* 10" 6.2 6.30 * 10" 6.50
PFHpA 1.4*107 15*107 1.12*107 1.23*107
PFOA 52*10" 52*10° 3.63* 10 3.63*10°
PFNA 1.8*107 2.0*10" 1.15* 10" 1.26 * 107
PFDA 3.2*107 2.0 * 102 1.40*107 85.5
PFUNDA 6.8*107 45*10" 6.28 * 1072 41.1
PFDoDA 6.2*107 1.3 *10° 4.81*1072 1.05 * 10°
PFTeDA 0.00 0.00 = -
HFOSA 6.4 * 10 1.2*10° 3.17 * 10* 576 * 10°
Sample 2

PFBSA 2.2*10° 9.4*10" 2.02*10° 8.82* 10
PFHxSA 1.8*10° 7.7*107 1.83*10° 7.99 * 107
PFOSA 1.2 %10* 5.1*10' 6.18 * 10° 27.0
PFDSA 5.9* 107 59* 107 = =
PFBA 6.4* 107 2.7 8.02* 107 3.34
PFPA 1.5*10" 8.2* 10" 1.39*10" 7.63* 10
PFHxA 4.0*10" 4.1 4.27 * 10" 4.40
PFHpA 1.1%40" 1.2 ¥4 gA7 *4p* 1.01 *40
PFOA 3.5*107 35*10° 3.27* 107 3.27*10°
PENA 1.3*107 1.4*107 1.09 * 107 1.20* 107
PFDA 1.9*107 1.2 *10° 1.14*10" 69.3
PFUnDA 6.8 * 107 4.4*10" 4.78 * 107 31.2
PFDoDA 6.1* 107 1.3*10° 3.74* 107 81.4
PFTeDA 45*10° 45*10° 1.15*10° 1.15*10°
HFOSA 2.5*10* 4.5*10* 1.86 * 10* 3.38 * 10*
Sample 3

PFBSA 1.4*10° 6.1*10" 2.08 *10° 9.08 * 107
PFHxSA 1.6 *107° 7.2 *10" 1.75*10° 7.64* 107
PFOSA 1.9*10% 8.5* 10" 6.10 * 10° 26.6
PFDSA 6.4*107 6.4 * 107 - =
PFBA 4.2*10"7 17 6.99 * 107 29.2
PFPA 6.4 * 107 35*10" 1.37* 10 7.52* 10"
PFHxA 2.7*107 2.8 3.54* 10 3.66
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PFHpA 8.2 *10* 9.0 *10* 1.08 * 10 1,49 *107
PFOA 3.2*107 32*10° 3.41*107 3.41*10°
PFNA 1.4*107 1.6*107 1.04*107 1.14* 107
PFDA 2.6*10" 1.6 *10° 1.10 * 10 67.0
PFUNDA 5.7 * 107 3.7*10" 4.76 * 1072 31.1
PFDoDA 4.1*107 8.9* 10’ 3.76 * 10 81.9
PFTeDA 2.8*10° 2.8*10° : =
HFOSA 3.3*10° 6.0 * 10° 1.54 * 10* 2.81*10%

Table SM 11 Concentrations in the particulate phase of water samples (top part of the table in

ng L7, bottom part of the table in ng g'). Concentrations below the IDL or below blank

concentrations are reported as <IDL and <blank, respectively, nd means not detected.

Primary clarifier (ng L) Aeration tank (ng L") Secondary clarifier (ng L")
PFBS(A) nd nd nd nd nd nd 0.02 0.03 nd
PFHxS(A) 0.22 0.26 0.25 1.8 3.0 2.0 0.08 0.16 0.11
PFOS(A) 69 55 84 2500 2500 2100 13 32 20
PFDS(A) 1.5 1:3 1.7 30 25 48 | <blank | <blank 0.01
(HFOSA <blank | <blank | <blank 2.8 3.9 3.1 | <blank | <blank <blank
PFB(A) 3.5 5.4 0.58 35 38 34 | <blank <IDL | <blank
PFP(A) <IDL | <blank <IDL <IDL <IDL <IDL | <blank | <blank | <blank
PFHx(A) 0.28 0.29 0.16 9.3 15 18 0.19 0.40 0.41
PFHp(A) <blank | <blank | <blank | <blank | <blank | <blank | <blank 0.06 | <blank
PFO(A) <blank | <blank | <blank 12 18 18 | <blank | <blank <blank
PFEN(A) 0.04 0.15 | <blank 5.0 7.4 6.8 | <blank 0.12 0.08
PFD(A) 0.78 0.77 0.91 30 33 30 | <blank 0.88 0.45
PFUND(A) 0.3 0.02 | <blank 7.0 9.4 10 0.54 0.25 1.7
PFDoD(A) 0.14 | <blank | <blank 13 14 16 | <blank 0.57 0.09
PFTD(A) 0.02 | <blank | <blank 1.5 0.79 1.0 | <blank | <blank <blank

Primary clarifier (ng g Aeration tank (ng g™") Secondary clarifier (ng g™")
PFBS(A) nd nd nd nd nd nd 0.06 0.03 nd
PFHxS(A) 0.50 0.48 0.22 0.50 0.36 0.21 0.20 0.17 0.55
PFOS(A) 150 100 74 690 300 220 34 33 100
PFDS(A) 3.2 24 1.5 8.4 3.1 5.1 | <blank | <blank 0.04
(H)FOSA <blank | <blank | <blank 0.78 0.47 0.33 | <blank | <blank | <blank
PFB(A) 7.71 10.15 0.51 9.69 4.55 3.56 | <blank <IDL | <blank
PFP(A) <IDL | <blank <IDL <IDL <IDL <IDL | <blank | <blank <blank
PFHXx(A) 0.61 0.54 0.14 2.6 1.8 1.9 0.48 0.42 2.1
PFHp(A) <blank | <blank | <blank | <blank | <blank | <blank | <blank 0.07 <blank
PFO(A) <blank | <blank | <blank 3.4 2.2 1.9 | <blank | <blank | <blank
PFEN(A) 0.08 0.28 0.00 1.4 0.9 0.72 | <blank 0.13 0.42
PFD(A) 1.7 1.5 0.80 8.5 4.0 3.1 | <blank 0.91 2.3
PFUND(A) 0.67 0.04 | <blank 2.0 i1 1.07 1.36 0.26 8.4
PFDoD(A) 0.31 | <blank | <blank 3.56 1.7 1.7 | <blank 0.59 0.45
PFTD(A) 0.03 | <blank | <blank 0.41 0.10 0.11 | <blank | <blank | <blank
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Table SM 13 Average organic carbon normalized particle-dissolved partition coefficients for
neutral acids (Qoc. n = 3 respectively, if indicated with an asterisk n = 2, no data reported when
concentration nd, <blank or <IDL in one of the samples). Concentrations of neutral acids in the
aqueous phase were calculated with minimum and maximum pK, values reported in the
literature (Table S10).

Aeration tank Secondary clarifier Primary clarifier
Log Qoc Log Qoc Log Qoc
hqoigirgﬁ?n pi, [Maxmum rLl‘lc:gll‘?S?n pk, [faximum rLTl?rglll’gS?n pi¢, [Maximum
°  pKa ° _pKa ° pKa

PFBSA - - 11.44 5.80 - -
PFHXSA 14.65 9.01 12.36 6.72 11.86 6.22
PFOSA 15.73 10.09 13.09 7.45 12.52 6.88
PFDSA 11.27 11.27 - - - -
PFBA 10.37 9.75 - - 7.39 6.77
PFPA - - - - - -
PFHxA 10.16 9.15 7.47 6.45 6.71 5.70
PFHpA - - 6.93 6.89 - -
PFOA 10.22 6.22 - - - -
PENA 10.22 10.18 7.37 7.33 6.40 6.36
PFDA 10.68 7.90 8.16 5.37 7.64 4.86
PFUNDA 10.72 7.90 8.77 5.96 7.01 4.20
PFDoDA 11.02 7.68 8.33 5.00 6.58 3.24
PFTDA - - - - 7.02 7.02
HFOSA 4.57 4.31 - - - -

S, 16
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7. Air-water partition coefficients

Table SM 15 Air-water partition coefficients (Qaw)

Aeration Tank

Secondary Clarifier

(minpKa) [ (max pK,) (min pK,) (max pKa)

Sample 1

PFHxSA 3.57 * 10° 8.17 * 107 2.46 * 10° 5.65* 10"
PFOSA 1.41*10° 3.23* 107 1.17 *10° 2.69 * 107
PFBA 14.7 3.52 25.7 6.17
PFPA 37.2 6.79 17.1 3.12
PFHxA 82.8 8.02 3.02 2.92*10"
PFHpA 93.3 85.1 3.97 * 10 3.62* 10
PFOA 48.6 4.86*10° 13.5 1.35*10°
PFNA 17.0 15.5 6.64 6.06
PFDA 8.17 1.34 * 107 4.60 7.55* 10°
PFDoDA 8.19 3.76 * 10° - -
HFOSA 4.06 * 10° 2.23*10° 5.07 * 10° 2.78*10°
Sample 2

PFHxSA 3.45*10° 7.91*107 3.36 * 10° 7.71 %107
PFOSA 1.65* 10% 3.79 * 107 1.53 * 10* 3.50 * 10
PFBA 15.0 3.61 11.3 2.71
PFPA 11.0 2.01 - -
PFHxA 39.7 3.84 3.75 3.63* 107
PFHpA 43.9 40.0 3.79 3.46
PFOA 23.9 2.39*10° 8.50 8.50 * 107
PFNA 12.8 11.6 473 4.32
PFDA 6.30 1.03* 1072 4.99 8.19* 107
PFUnDA 4.05 6.19* 107 - E
PFDoDA 1.71 7.85* 10" 1.66 7.61* 107
HFOSA 1.18 * 107 6.47 * 107 1.63* 107 8.94 * 10°
Sample 3

PFHxSA 1.25*10° 2.86 2.36 * 10° 5.41*107
PFOSA 3.19 * 10* 7.32* 107 2.68*10% 6.13 * 107
PFDSA 5 - 5 5
PFBA 71.0 17.0 35.6 8.54
PFPA = = 68.3 12.5
PFHxA 49.8 4.82 413 4.00 * 107
PFHpA 1.35 * 10° 1.23 * 10? 3.96 3.61
PFOA 65.5 6.55*10° 5.55 555* 107
PFNA 64.9 59.2 13.3 12.1
PFDA 6.79 1.11*107? 1.28 2.10*10°
PFUnDA 4.34 6.64 * 107 2 -
HFOSA - 5 3.42*10" 1.88 * 10

S.18
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Response to comment on “In situ air-water and particle-water
partitioning of perfluorocarboxylic acids, perfluorosulfonic acids

@ CrossMark

and perfluorooctyl sulfonamide at a wastewater treatment plant”

Lena Vierke *P*, Lutz Ahrens !, Mahiba Shoeib ¢, Wolf-Ulrich PalmP®, Eva M. Webster 9, David A. Ellis ¢,

Ralf Ebinghaus €, Tom Harner ¢

* Federal Environment Agency (UBA), Section Chemicals, Woarlitzer Platz 1, Dessau-Roflau, Germany

Y Leuphana University of Liineburg, Institute of Sustainable and Environmental Chemistry, Scharnhorststr. 1, Liineburg, Germany
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9 Trent University, Centre for Environmental Modelling and Chemistry, 1600 West Bank Drive, Peterborough, ON, Canada

€ Helmholtz-Zentrum Geesthacht, Institute for Coastal Research, Max-Planck Str. 1, Geesthacht, Germany

We thank Rayne (2013) for examining our paper in detail and
are grateful for the comments.

In our study, we conducted field measurements of perfluoro-
carboxylic acids (PFCAs), perfluorosulfonic acids (PFSAs) and per-
fluorooctyl sulfonamide (HFOSA) and their conjugate bases in
different media at a wastewater treatment plant. Using reported
physical chemical properties, such as the acid dissociation con-
stants (pK,), we calculated partitioning ratios and compared our
field observations on partitioning behavior with data and theories
presented in the literature. Comments made by Rayne (2013) are
related to studies which we cite in our paper, i.e., regarding the
pK, of n-perfluorooctanoic acid (n-PFOA).

We acknowledge the comment from Rayne (2013) that there is
a continued debate over the physical chemical properties of the
perfluoroalkyl acids and their conjugate bases, however, a consen-
sus has not yet been reached. Field measurement data such as ours

* Corresponding author. Address: Federal Environment Agency (UBA), Worlitzer
Platz 1, Dessau-RoRlau, Germany. Tel.: +49 34021036620; fax: +49 34021046620.
E-mail address: Lena.Vierke@uba.de (L. Vierke).
! Present address: Swedish University of Agricultural Sciences, Department of
Aquatic Sciences and Assessment, Lennart Hjelms vdg 9, 750 07 Uppsala, Sweden.

0045-6535/$ - see front matter © 2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.chemosphere.2013.05.008
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are useful for gaining insight into mechanisms of partitioning and
for discussing and testing ideas and theories. The studies and the-
ories cited by Rayne (2013) further contribute to these discussions,
focusing on the pK, and Kaw of PFCAs, conformer formation of
PFCAs and fluortelomeralcohols and species dependent partition-
ing behavior. In our opinion more work is required to better con-
strain and understand the physical properties of PFCAs and how
they govern the partitioning and fate in the environment.
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The aim of this study was to gain an understanding of the transport of C4-19 perfluoroalkyl carboxylic
acids (PFCAs) and C46g perfluoroalkyl sulfonic acids (PFSAs) in a water-saturated sediment column
representing a riverbank filtration scenario under near-natural conditions. Short-chain PFCAs and PFSAs
with up to six C-atoms showed complete tracer-like breakthrough. Longer chain ones were retarded due
to sorption to the sediment or due to other processes in the aqueous phase. The study reports the first
column derived sediment—water partition coefficients ranging from 0.01 cm® g~ ' to 0.41 cm® g~ ! for C4
PFSAs and from 0.0 cm® g~ ' to 6.5 cm® g ! for C45,6,89 PFCAs. The results clearly indicate that short-chain

PFOA PFCAs and PFSAs may pose a problem if contaminated surface waters are used for drinking water pro-

PFCAs

PFSAs

Sediment—water partition coefficient
Column study

duction via riverbank filtration.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, research on per- and polyfluoroalkyl compounds has
highly improved our understanding of the risk occurring from the
presence of these compounds in the environment (Kannan, 2011).
In the beginning, focus of this research has mainly been on Cg
perfluoroalkyl carboxylic acid (Cg PFCA; perfluorooctanoic acid,
PFOA) and Cg perfluoroalkyl sulfonic acid (Cg PFSA; perfluorooctane
sulfonic acid, PFOS), which was mostly motivated by the high
production volumes of these two chemicals in the past 60 years
(Lindstrom et al., 2011; Paul et al., 2009; Prevedouros et al., 2006).
Today we know that PFOA and PFOS are persistent, bio-
accumulative and toxic as defined in international regulations
(Vierke et al., 2012; Wang et al., 2009b). Therefore exposure of
humans and the environment should be minimised (Vierke et al.,
2012; Wang et al., 2009b; Zushi et al., 2012).

* Corresponding author.
E-mail addresses: Lena.Vierke@uba.de (L. Vierke), a.moeller@gba-laborgruppe.
de (A. Mdller), Sondra.Klitzke@uba.de (S. Klitzke).
! Current address: GBA Gesellschaft fiir Bioanalytik mbH, GoldtschmidtstraRe 5,
21073 Hamburg, Germany.

0269-7491/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.envpol.2013.11.011
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Manufacturers are shifting to shorter-chain per- and poly-
fluorinated chemicals with four and six C-atoms (Buck et al., 2011).
Not only PFCAs and PFSAs are part of this short-chain chemistry but
also their polyfluorinated precursors. Research is increasingly
investigating shorter-chain PFCAs and PFSAs as well as precursors
of PFCAs and PFSAs. One example are fluorotelomer alcohols
(FTOHs), which were already globally detected in the atmosphere
(Dreyer et al., 2009). Degradation intermediates of FTOHs are i.e.
fluorotelomer acids (FTCAs) or fluorotelomer unsaturated acids
(FTUCAs). These degradation intermediates have already been
found in the environment, i.e. in rivers (Li et al., 2011). In contra-
diction to PFOS and PFOA shorter-chain PFCAs and PFSAs are less
toxic and less bioaccumulative (Conder et al., 2008; Ding et al.,
2012). Nevertheless, they are still persistent and have already
been detected in surface waters and drinking water (Maller et al.,
2010; Eschauzier et al., 2010), with wastewater treatment plants
and surface runoff being potential sources for these compounds
(Furl et al., 2011).

Due to their higher solubility (Rayne and Forest, 2009) these
short-chain PFCAs and PFSAs are more mobile, especially in the
aqueous environment, than their longer chain homologues. This
higher mobility has a direct impact on human and environmental
exposure, for instance through drinking water. In many regions
drinking water is obtained from surface waters following riverbank
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filtration. In Germany, water from riverbank filtration is the second
major source for drinking water after ground water (Kuehn and
Mueller, 2000). Riverbank filtration is capable of eliminating a
wide range of substances through sorption and degradation or at
least diluting peak concentrations (Verstraeten et al., 2003). How-
ever, PFCAs and PFSAs with eight and less C-atoms have been
detected in riverbank filtrate (Lange et al.,, 2007) or dune infiltrate
(Eschauzier et al., 2010).

Sandy sediments are common substrates in riverbank filtration
sites. Sorption of PFCAs and PFSAs on sandy soil quantified within a
batch experiment showed that this soil had a capacity to bind the
analytes (K4 = 0.63 Lkg ! to 33 L kg~ ! for perfluoroheptanoic acid
(Cg PFCA or PFHpA) to perfluorodecanoic acids (Cyo PFCA or PFDA)
and Kqg = 0.07 Lkg ! and 17 Lkg ™! for perfluorobutane sulfonic acid
(C4 PFSA or PFBS) and PFOS, Enevoldsen and Juhler 2010) and the
authors concluded that sandy substrates may therefore be able to
protect groundwater (Enevoldsen and Juhler, 2010). So far, the fate
of PFCAs, PFSAs and precursors in columns has only been investi-
gated by three laboratory studies, all of them conducted under
water-unsaturated conditions using loamy soil (Murakami et al.,
2009, 2008) and loamy sandy soil (Gellrich et al., 2012). These
studies showed partly competitive sorption between the different
analytes and only limited elimination of analytes during soil infil-
tration, with removal depending on chain length. Furthermore,
leaching of PFCAs and PFSAs was investigated in a lysimeter
experiment also under water-unsaturated conditions (Stahl et al.,
2013), but the fate of chemicals tends to differ between water-
saturated and water-unsaturated conditions. So far and to the
best of our knowledge, no column study has been conducted under
water-saturated conditions in sandy substrates. Besides, available
findings from infield studies (Eschauzier et al., 2010; Lange et al.,
2007) don’t allow for a quantification of the transport of PFCAs
and PFSAs during riverbank filtration. Water-saturated conditions
are important because they are characteristic for riverbank filtra-
tion schemes used as a source for the production of drinking water.
The aim of our experiment was to gain an understanding of the
transport of C4_190 PFCAs and C46-g PFSAs in a water-saturated
sediment system representing a riverbank filtration scenario and
to quantify possible attenuation through the determination of
sorption parameters. Furthermore, though not the primary focus,
some precursors were also investigated. The results of this study
help to assess the potential risk of breakthrough of PFCAs and PFSAs
in riverbank filtrate occurring from the presence of these sub-
stances in surface waters.

2. Material and methods

Riverbank filtration was simulated under near-natural conditions in a water-
saturated sediment column fed with surface water and by applying environmen-
tally relevant concentrations of the analytes. To quantify the sorption of analytes
during infiltration, breakthrough was compared to a tracer.

2.1. Chemicals

Table 1 shows the names and abbreviations of analytes which were in the focus
of the present study.

Furthermore, methylperfluoro butanesulfonamid (MeFBSA), methylperfluoro
butanesulfonamidoethanol (MeFBSE), 2-Perfluorohexyl ethanoic acid (6:2 FTCA), 2-
Perfluoroocxyl ethanoic acid (8:2 FTCA), 2-Perfluorodexyl ethanoic acid (10:2 FTCA),
2H-Perfluoro-2-octenoic acid (6:2 FTUCA) and 2H-Perfluoro-2-decenoic acid (8:2
FTUCA) were spiked onto the column. Tables S1 and S2 of the supplementary con-
tent list all native as well as mass labelled standards, their acronyms, suppliers, mass
transitions and the matching of mass labelled and native standards.

In aqueous media per- and polyfluorinated acids are in equilibrium with their
conjugate bases. The fraction of each depends on the pKj, of the acid and the pH
value of the media. We analytically detected both the acids and their conjugate
bases, whereby the fraction of the base is expected to be higher compared to the
fraction of the acids due to the low pK;s of PFCAs, PFSAs and their precursors (Goss,
2008; Vierke et al., 2013b). Therefore, where we name the species as the acids in this
study, this always includes both species.

2.2. Water-saturated sediment column

The experiment was conducted on the Federal Environment Agency's facility for
the simulation of riverbank and slow sand filtration (SIMULAF) in Berlin, Germany
(for details of the site see Griitzmacher et al., 2005). The water-saturated column
(termed as ‘enclosure’ in the following; length 1 m, surface area 1 m?) was
embedded in a natural slow sand filter basin and fed by surrounding surface water.
The water was pumped continuously through the sediment column at a filter ve-
locity of 1.1 m d~!, which was checked daily. This velocity is in the range of values
often encountered in riverbank filtration scenarios (Hijnen et al., 2005; Weiss et al.,
2005). Water samples were collected from the supernatant and at a sediment depth
of 40 cm and 80 cm depth. A pump was plugged to the sampling ports in 40 cm and
80 cm depth to collect the samples. Grab sampling with a bucket on a stick was used
for supernatant sampling. Sample volume was approximately 1 L measured in
polypropylen(PP)-bottles. At a flow rate of 0.74 L min ' it was not expected that the
removal of 1 L samples would disturb the system. The supernatant was adjusted to a
height of 15.5 cm, resulting in a final volume of 155 L. The turbidity of the water in
the supernatant amounted to 3 FNU. The pH value of the water in the supernatant,
40 cm and 80 cm depth ranged from 7.4 to 7.9 and water temperature was 14.8 °C—
24.9 °C. The oxygen concentration in the columns effluent ranged from 4.7 mg L' to
8.7 mg L~ during the experiment. Concentrations of dissolved organic carbon (DOC)
were highest in the supernatant (3.5 + 0.3 mg L', n = 4) and ranged from 2.5 mg L'
to 3.1 mg L " in the various depths. lonic strength amounted to 17.5 mmol L' with a
calcium concentration of 4.3 mmol L', The column was filled with coarse-grained
medium sand (grain size distribution is given in Table S3) followed by 30 cm
gravel (Fig. 1). The sand had a content of 0.02% N, 0.07% organic carbon (OC), 0.3%
carbonate C and a C/N-ratio of 16.1. The bulk density (pg) of the sediment amounted
to 1.57 g cm>. From the density of the raw material (pr = 2.65 g cm~> for quartz
sand, Scheffer and Schachtschabel, 1998) a porosity (n) of 0.41 and a void ratio (¢) of
0.7 was calculated. The enclosure and the surrounding pond were located outside
and were therefore influenced by natural conditions (i.e. natural microbial com-
munity and day—night temperature fluctuations). The experiment was conducted
for three weeks in the beginning of September 2011 under environmental
conditions.

2.3. Experimental design

Prior to the experiment background concentrations in the enclosure were
determined once. Therefore 1 L water samples were collected from the supernatant,
from 40 cm and 80 cm depth, respectively.

The supernatant of the enclosure was then spiked with 5 pg of each C4-19 PFCAs,
Ca6-8 PFSAs, MeFBSA, MeFBSE, 6:2, 8:2,10:2 FTCAs and 6:2 and 8:2 FTUCAs (in total
1.85 ml methanol solution of standards), yielding a target concentration of
32.3 ng L~ for each analyte. 136 ml 25% NaCl solution was added as a tracer and the
supernatant was mixed with a stick. Mixing was evaluated by conductivity mea-
surements. As soon as (after approximately 5 min) conductivity changes in the su-
pernatant were minimal (1350 + 5 uS cm™ ') two 1 L samples were taken to
determine analyte concentrations right after spiking. One litre water samples were
collected from the supernatant and after 40 cm and 80 cm of sediment passage
during the following sampling period (in total 53 sampling events at three sampling
points of which 70 were analysed). Sampling frequency was reduced in the course of
the experiment because high concentration variations were expected mainly in the
beginning. At the beginning of the experiment, samples were collected more
frequently, i.e. six times per day for the first five days, three times per day in the
second week and only once a day in the third week.

Water samples from the supernatant were filtered using glassfiber filters (GFF,
Macherey—Nagel, @ 45 mm, 0.7 pm, heated at 450 °C for 10 h) right after sampling
and all samples were stored at 4 °C in PP-bottles until extraction. The effect of
filtration on concentrations of analytes was tested with spiked MilliQ water. An
aliquot of the water was filtered. Compared to unfiltered water the difference in
recovered concentrations were <10% (except for 20% in the case of PFHXA).

Table 1
Name and abbreviations of PFCAs and PFSAs in the focus of the present study.

Abbreviation

PFBS, C4 PFSA
PFHXS, Cs PFSA
PFHpS, C; PFSA
PFOS, Cg PFSA
PFBA, C4 PFCA
PFPA, Cs PFCA
PFHXA, Cs PFCA
PFHpA, C; PFCA
PFOA, Cg PFCA
PFNA, Cg PFCA
PFDA, Cyo PFCA

Name

Perfluoro-1-butanesulfonicacid
Perfluoro-1-hexanesulfonicacid
Perfluoro-1-heptanesulfonicacid
Perfluoro-1-octanesulfonicacid
Perfluoro-n-butanoic acid
Perfluoro-n-pentanoic acid
Perfluoro-n-hexanoic acid
Perfluoro-n-heptanoic acid
Perfluoro-n-octanoic acid
Perfluoro-n-nonanoic acid
Perfluoro-n-decanoic acid
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Fig. 1. Cross-sectional view of the enclosure.

2.4. Preparation and analysis of water samples

For solid-phase extraction (OASIS® WAX 6cc, 150 mg, 30 um cartridges) of water
samples the method from Ahrens et al. (2007) was used with slight modifications:
Prior to sample application, cartridges were conditioned with 5 ml 0.1% NH40H
(suprapur, 25%, GC Standards GmbH) in methanol (MeOH, Picograde, >99.0%, LGC
Standards GmbH), 5 ml MeOH and 5 ml MilliQ water. 400 ml of each sample were
spiked with mass-labelled internal standards (IS) (80 pl at 100 ng ml~' mass-
labelled Csg PFSAs, C4-19 PFCAs, MeFOSA, MeFOSE, 6:2 FTCA, 8:2 FTCA, 10:2 FTCA,
6:2 FTUCA and 8:2 FTUCA, for details see Table S1) and were loaded on a pre-
conditioned cartridge at a rate of 1 drop per second. After loading of samples, car-
tridges were washed with 0.1% NH4OH in MilliQ and were dried 30 min under
vacuum. Elution was achieved with 10 ml 0.1% NH4OH in methanol. A gentle flow of
nitrogen was used to concentrate the samples to a final volume of 150 ul at room
temperature (measured with a photo sensor in standardised vials, flowtherm
optocontrol  Barkey). 2-(N-deuterioethylperfluro-1-octane-sufonamido)-1,1,2,3-
tetradeuterioethanol (D9-NEtFOSE, 10 ul out of 0.8 ug ml ', 8 ng) was added.
Before instrumental analysis with LC-ESI-MS/MS (Hewlett Packard Series 1100, API
3000) a 50 pl aliquot of the final extract was combined with 20 pl of MilliQ water and
perfluoro-1-[1,2,3,4-">C4]octanesulfinate (MPFOSi, 10 ul at 0.9 pg ml~', 9 ng) was
added as injection standard. Methanol and MilliQ water each with a concentration of
10 mM NH40Ac (fractopur, >99.0%, Merck) were used as eluent in liquid
chromatography.

One analytical blank sample was extracted within one batch consisting of seven
samples. Analytical blank samples were treated in the same way as samples but
without the addition of water to the cartridges. Concentrations in analytical blanks
were subtracted from samples in the specific batch. Analytical blank concentrations
were frequently detected for PFOS (3.6 + 2.2 ng L', n = 9), PFBA (0.2 + 0.3 ng L™/,
n = 12), PFPA (0.2 + 0.3 ng L™!, n = 12), PFHXA (0.1 £ 0.1 ng L™, n = 12), PFHpA
(3.6 +33ng L', n=12) and PFOA (0.1 +0.1 ng L™, n = 12). The limit of detection
(LOD) were derived from blank concentrations or instrumental detection limits and
ranged from 0.02 ng L™ to 3.3 ng L™! (Table S4). As for PFOS and PFHpA the con-
centrations in blank samples were too high, these two analytes were excluded from
further evaluation.

For quantification, ten point (single measurement) calibration curves (r* > 098)
ranging from 200 ng ml~" to 0.125 ng ml~' were used. Average recoveries of mass-
labelled IS ranged from 72% to 87% for PFSAs, from 83% to 102% for PFCAs, from 27%
to 32% for MeFBSA and MeFBSEs and from 65% to 84% for n:2 FTCAs and n:2 FTUCAs.
Due to low recoveries of MeFBSA and MeFBSE results are only qualitatively. All
concentrations were corrected for recovery of IS. For the quantification of the tracer
a calibration curve was used to convert the conductivity measurement (in uS cm™')
in concentrations (g L™').

2.5. Quantification of the transport of analytes in the sediment column

On the basis of the obtained breakthrough curves of tracer and analytes, (i)
recoveries, (ii) retardation factors (R) and (iii) sediment-dissolved partition co-
efficients (Kq) were calculated.

(i) Forrecovery calculations, the quantity of tracer and analytes broken through
in the different depths was compared to their quantity detected in the su-
pernatant right after spiking. Polynoms which best described the break-
through curves of tracer or analyte were used to calculate the respective
quantities in the different depths by linear interpolation.

(ii) To quantify sorption processes R was calculated for every analyte as shown
in Equation (1), with tsp (min) being the time at which half of the detected
quantity of the tracer or analyte has passed the respective sampling point.
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(iii) The sediment-dissolved partition coefficient (Kq) takes sediment charac-
teristics into account (Equation (2)), acknowledging that partitioning in the
sediment column is not expected to be at equilibrium (Benker et al., 1998).

Ko = ZxR-1) @
PB

In Equation (2) pg(ing cm3) denotes the density of the sediment and n, the effective
porosity (dimensionless), which was calculated by using the linear flow velocity (v,,
inmd ') and the filter velocity (v, inmd~ L Equation (3) and Table 2). In addition, a
one dimensional model was used to fit the measured breakthrough curve of the
tracer by adjusting n. and D. Input data for the model were column length (40 cm
and 80 cm), column radius (56.5 cm), flow rate (0.74 L min~'), input mass of the
tracer (34 g) and input tracer concentration (0.34 g L~ 1). Modelled values for n. were
in good agreement with results obtained from Equation (3) (Table 2).

=2
Ne = i (3)

To describe the relation between partition coefficients and OC content of the
sediment OC normalised partition coefficients (Koc) were calculated as shown in
Equation (4), with foc being the fraction of OC in the sediment.

100
Koc = Kg*— (4)
foc

3. Results and discussion
3.1. Background concentrations in the enclosure

In samples prior to spiking the enclosure the following analytes
were found at concentrations in the low nanogram per litre range
(in supernatant, 40 cm depth, 80 cm depth): PFBS (1.2 ng L},
12ngL 11 ngL "), PFHXS (03 ngL™',04ngL ", 04 ng L"), PFBA
(12ngL ' 1.6ngL !, 1.6 ng L"), PFPA (1.0 ng L', <LOD, <LOD),
PFHXA (0.3 ng L', 03 ng L', 0.4 ng L"), PFOA (11 ng L},
0.6ngL',0.8ngL ')and PFNA (0.2ngL !, 0.1 ngL~', <LOD). These
background concentrations were subtracted from the concentra-
tions measured following spiking for each sampling point. This
correction was applied to each analyte in every sample. Therefore,
this shifted breakthrough curves only vertically but did not change
their shape. A vertical shift does not influence parameters relevant
for the quantification of contaminant breakthrough. Furthermore,
the background concentrations proved very similar for the different
sampling points, i.e. variation was low.

3.2. Fate of PFCAs, PFSAs and precursors in the water of the
supernatant

The supernatant concentrations right after spiking ranged from
1.0 ng L™! (6:2 FTUCA) to 15.9 ng L~! (PFOA) (Table S5). These
concentrations were at least a factor of two lower than the expected
target concentrations (32 ng L), while the tracer showed the
expected concentrations (0.2 g L™'). No pattern or trend with
respect to chain length was observed for the difference between

Table 2
Linear flow velocity (v,), filter velocity (vf) and effective porosity (ne) in 40 cm, 80 cm
and in the effluent based on Equation (3) and on model calculations.

va(md™) v(md") ne(-) ne () D (dm)
(calculated (calculated (calculated
according to  with a one with a one
Equation (3)) dimensional dimensional

model) model)
40cm 3.8 1.0 0.28 03 0.4
80cm 33 033 03 0.5
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target and measured concentrations. 6:2 FTCA, 8:2 FTCA, 10:2 FTCA
and 8:2 FTUCA were not detected at all.

Several processes are conceivable to explain the observed dis-
crepancies between theoretical target concentrations and measured
concentrations after spiking the supernatant. While in theory ana-
lytes associated with suspended matter could be removed from the
aqueous phase by the filtration of the supernatant samples (pore size
0.7 pm), this appears unlikely, as the turbidity of the supernatant
was very low (3 FNU). PFCAs and PFSAs may enrich at the air—water
interface (Psillakis et al., 2009), possibly leading to lower concen-
trations in the dissolved phase of the supernatant. However, sam-
pling of the supernatant included the upper layer of the water, thus
including PFCAs and PFSAs enriched at the air—water interface and
excluding this mechanism. A further possibility for the loss of ana-
lytes from the dissolved phase in the supernatant right after spiking
could be precipitation as calcium complexes. Concentration of cal-
cium was 4.3 mmol L™! in the inflowing water (see material and
methods). So far and to the best of our knowledge, the formation of
Ca’* complexes with PFCAs or PFSAs has not been reported in the
literature. However linear alkylbenzenesulfonates (LAS; Westall
et al.,, 1999) have a similar structure and for these the equilibrium
of calcium complex formation was reported to be achieved after
10 min (Matheson et al., 1985). Therefore it appears that the hy-
pothesis of a loss of PFCAs and PFSAs through the precipitation of
such complexes (leading to their accumulation on the sediment
surface) merits further testing in future studies.

Mechanisms explaining the fate of analytes can be gleaned from
comparing the dilution curves of the tracer to those of the analytes
in the supernatant. Dilution in the supernatant took place through
inflowing water. Dilution of most analytes was in accordance with
the tracer suggesting no losses due to decomposition, volatilisation
or sorption to enclosure material within the time frame investi-
gated (Fig. 2). Only MeFBSA and 6:2 FTUCA diluted faster than the
tracer. This may indicate volatilisation as their vapour pressures are
higher compared to the vapour pressure of the other analytes
(16.6 Pa for MeFBSA and 18.2 Pa for 6:2 FTUCA, Wang et al., 2011).
Furthermore, while MeFBSE and 6:2 FTUCA may have been subject
to (photo)degradation (Gauthier and Mabury, 2005; Lange, 2001),
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0.8 OPFHxS
PFHpS
0.6
s OTracer
2
° 04
w8 .
- B
0 2 4 6 8 1
Duration (h)
1.0[4)
©PFBA
0.8 OPFPA
A PFHxA
S 0.6 OTracer
o
S
04 O
2,
. 0 g
0 2 4 8 1

Duration (h)

0

A2 Paper 2 sediment-water partitioning enclosure

L. Vierke et al. / Environmental Pollution 186 (2014) 7—13

this is likely to be negligible within the 10 min elapsed until the first
sampling, because another study showed that 70 h were needed to
achieve a 28% decrease of 8:2 FTUCA due to photo-degradation in
aqueous solution (Gauthier and Mabury, 2005). This demonstrates
differences of several orders of magnitude with respect to time
required for the degradation of the respective substances.

3.3. Transport of analytes in the sediment column

6:2 FTUCA, MeFBSA, PFHpS and PFDA were detected in the su-
pernatant (with concentrations right after spiking of 1.0 ng L' for
6:2 FTUCA, 12.5 ng L~! for MeFBSA, 5.4 ng L~! for PFHpS and
6.6 ng L~ for PFDA) but were not detected in any of the samples
from 40 cm and 80 cm depth. For 6:2 FTUCA and MeFBSA degra-
dation (Buck et al.,, 2011) or slow volatilisation (Wang et al., 2011)
may have been responsible for the loss. Furthermore, concentra-
tions of 6:2 FTUCA (1.0 ng L~ ') were very low right after spiking and
dilution could have led to concentrations below the LOD. Conclu-
sions on the fate of 6:2 FTUCA in the sediment were therefore not
possible. In contrast, PFHpS and PFDA are more persistent and their
vapour pressure is low (Kaiser et al., 2005; Wang et al., 2011);
therefore degradation and volatilisation were not expected to occur
and thus their fate is unknown.

PFPA and MeFBSE were detected only in a few samples in 40 cm
depth but not in 80 cm depth (Tables S6 and S7), and thus only
qualitative analysis was possible.

Quantitative analysis of the concentrations of PFBS, PFHxS, PFBA,
PFHxA, PFOA and PFNA, in 40 cm showed tracer-like breakthrough
especially for PFBA, PFBS and PFHxS but also for PFHxXA (Fig. 3). PFOA
and PFNA were retarded compared to the tracer (Fig. 4).

3.4. Quantification of transport — recoveries in 40 cm and 80 cm
depth

Recoveries of PFBS, PFHXS, PFBA, PFPA and PFHXA in 40 cm were
in the same range as the tracer indicating complete breakthrough
(Fig. 5).
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Fig. 2. Dilution curves in the supernatant for different analytes in comparison to the tracer.

69



A2 Paper 2 sediment-water partitioning enclosure

L. Vierke et al. / Environmental Pollution 186 (2014) 7—13 11
0.8 0.8 - 250
OTracer
07 ©
0.6
0.6 . APFBA 200 -
05 S04 a2
= S “@q ¢0 <
So4 R 0.2 8 é OFFBS £ 450
= X X & & =40 cm
03 Q 0 R xPFHxA o
0 0 20 8 100 @80 cm
Duration (h) —PFHxS &
0.1
O A
%% -3 2 89 ") 8 8 Q 50 -
100 150 200 250 300
Duration (h)
0 -

Fig. 3. Breakthrough curves of short-chain PFCAs and PFSAs compared to the tracer in
40 cm. The upper graph is an excerpt of the lower one showing a higher resolution of
the time scale in the first 20 h.

For all of these analytes, recoveries were higher in 40 cm
compared to 80 cm. This observation was in line with higher
retardation in 80 cm compared to 40 cm (see below). Furthermore,
recoveries increased with increasing chain length for PFCAs (except
of PFPA). Recoveries of PFOA and PFNA reached up to 150% and
225% indicating a higher quantity found in 40 cm and 80 cm,
respectively, compared to the initial quantity in the supernatant.
Breakthrough curves for PFOA and PFNA were tailing and did not
reach the baseline within the duration of the experiment indicating
that the total amount has not yet been eluted from the column. Low
concentrations may add some uncertainties to the quantification of
recoveries.

High recoveries of PFOA and PFNA might be caused by sorption
to suspended matter. Sorbed PFCAs and PFSAs would not have been
captured in the analysis of supernatant samples but were still
available for sediment passage if they desorbed for instance due to
a decrease in aqueous concentrations caused by dilution. Anyhow,
the removal of analytes associated to suspended matter through
sample filtration is not expected to be a significant mechanism, as
discussed above for the discrepancy between initial target and
measured concentration in the supernatant.

Furthermore the precipitation of PFOA and PFNA as calcium
complexes could, if proved by future studies, explain high re-
coveries of PFOA and PFNA. The constant input of fresh water (i.e.
dilution of the supernatant) continuously could have re-adjusted
the equilibrium between dissolved analytes and precipitated
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Fig. 4. Breakthrough curves of longer chain PFCAs (left axis) compared to the tracer
(right axis) in 40 cm depth.
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Fig. 5. Recoveries (in %) of tracer and analytes in 40 cm and 80 cm based on measured
concentrations in the supernatant after spiking. PFPA and MeFBSE were not detected in
80 cm.

complexes in favour of the dissolved phase, and the re-dissolution
of the analytes in the water renders them available for transport.
Hence, they are subsequently captured in the different depths of
the enclosure resulting in increased recoveries. As longer chain
PFCAs showed higher recoveries than short-chain PFCAs we pre-
sume longer chain PFCAs to precipitate with Ca** to a greater
extent than short-chain PFCAs.

Also (bio)degradation of precursors resulting in PFCAs and
PFSAs (Dinglasen et al., 2004; Liu et al., 2010; Wang et al., 2009a;
Lange, 2000; 2001) may have contributed to increased concentra-
tions in 40 cm and 80 c¢m. In our study we detected 6:2 FTUCA,
MeFBSE and MeFBSA. Degradation of these precursors could not
have lead to increased recoveries of PFOA and PFNA because all
these precursors have shorter chain length compared to PFOA and
PFNA and degradation would lead to shorter chain PFCAs or PFSAs.
Furthermore, yields of PFCAs and PFSAs during precursor degra-
dation were reported to be <10% during study times of several days
to weeks (Liu et al., 2007, 2010; Wang et al., 2005). As the con-
centrations of precursors in the enclosure’s supernatant were low
compared to PFCAs or even below the limit of quantifications, these
would not have been sufficient to produce the concentrations
found for PFCAs and PFSAs.

In conclusion for PFOA and PFNA, our data suggest that in-
teractions in the aqueous phase of the supernatant seemed to
control their availability in the water resulting in a gradual and
retarded release into the sediment and hence leading to the
observed higher recoveries in 40 cm and 80 cm depth. Further
studies are needed to understand the underlying processes.

3.5. Quantification of the transport — retardation factors and
partition coefficients

For the analytes showing sufficiently clear breakthrough curves,
the retardation factors and partition coefficients shown in Table 3
were calculated. For most of the analytes peaks were obvious,
indicating that concentrations in the samples decreased after
reaching a maximum until they were no longer detectable (Fig. 3).
For other analytes, especially PFOA, the end of the peaks were not
as clear because concentrations did not reach the baselines (Fig. 4).
The resulting tailing of peaks added uncertainties to the quantifi-
cation of retardation factors (Table S8).

Retardation factors and partition coefficients were higher in
80 cm compared to 40 cm for all analytes except of PFOA and PFNA
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Table 3
Retardation factors R, partition coefficients (cm® g ') and organic carbon normalised
partition coefficients Koc.

R log Ky log Koc
40 cm 80 cm 40 cm 80 cm 40 cm 80 cm

PFBS 4 26 - -0.47 - 2.7
PFHxS 1.1 3.0 -2.0 -0.39 1.2 28
PFBA 1.0 28 -24 -0.43 08 27
PFPA 13 b -14 4 1.8 a
PFHXA 47 15 -0.18 0.46 3.0 3.6
PFOA 38 25 0.82 0.69 4.0 3.9
PFNA 26 21 0.65 0.62 3.8 3.8

MeFBSE b a _ a _ a

¢ Not detected.
b Timely resolution of data points not sufficient.

(Table 3). The observed higher sorption in 80 cm compared to
40 cm might be attributed to changes in biofilm composition (i.e.
extracellular polymer substances (EPS) were released by microor-
ganisms onto sediment grains serving as a potential surface for
sorption) caused by a relative depletion of dissolved oxygen with
depth. An analysis of the biofilms would have been necessary to
further evaluate this assumption.

An increasing trend of partition coefficients with increasing
chain length was found for PFSAs and PFCAs in this study, except of
PFOA and/or PFNA. Partition coefficients were slightly higher for
PFOA compared to PFNA, but due to the tailing peak of PFOA it
seems likely that results for PFOA were slightly overestimated,
particularly as lower values for PFOA are to be expected from the
results of Higgins and Luthy (2006). For PFBA to PFOA partition
coefficients increased by approximately 1.0 log unit per each
additional CF, moiety. This was a stronger increase in sorption
compared to what is reported in the literature, i.e. 0.5—0.6 log units
increase of partition coefficients with each CF, unit (Higgins and
Luthy, 2006). Differences in sediment texture and water chemis-
try could have been a reason for the higher increase in our study
compared to what is reported in the literature.

Results for PFBS and PFBA, which have the same number of C-
atoms, showed similar log K4 in 80 cm (Table 3). PFHxS had clearly
lower partitioning coefficients than PFHxA (Table 3). In other
studies, i.e. batch studies and studies where water and sediment
from rivers and oceans were sampled (infield studies), stronger
partitioning of PFSAs to different sediments has been observed
compared to PFCAs with the same number of perfluorinated C-
atoms (Ahrens et al., 2010; Higgins and Luthy, 2006; Labadie and
Chevreuile, 2011), but these publications do not give information
on the texture of the sediments investigated. A comparison of
partition coefficients of PFSAs and PFCAs with the same number of
perfluorinated C-atoms was not possible within our study, because
one part of these pairs was either not spiked or was not detected.
Nevertheless, PFSAs did not show clearly stronger partitioning in
the water-saturated sediment column compared to PFCAs. This is
supported by another column study: In a column with loamy sandy
soil PFBS eluted close to 100% whereas in the same column PFBA
was not fully recovered (no other PFCAs or PFSAs were spiked)
indicating also higher sorption of PFBA compared to PFBS (Gellrich
et al., 2012). Furthermore Gellrich et al. (2012) found for parts of
their experiments no leaching differences between PFCAs and
PFSAs. Therefore, the authors stated a leaching behaviour which
mainly depends on the chain length.

To the best of our knowledge, we report the first column-
derived partition coefficients of PFCAs and PFSAs. Therefore, a
direct comparison with results from similar experimental set-ups
was not possible as only data from infield-studies or batch-
studies were available (Table S9). Results of batch studies might
have overestimated sorption due to lower solid:water ratios and

because of break-up of aggregates resulting in lager surface areas
accessible for sorption (Benker et al., 1998). While in a study by
Enevoldsen and Juhler (2010), who used sandy soil, the ratio of soil
to water was 3:14 and 12:25, the ratio in our study amounted to
2.5:1 (sandy sediment). Nevertheless, results for PFOA, PFNA and
PFBS (PFOA log K4 = 0.0, PFNA log Kq = 0.6, PFBS log Kg = —0.4;
Enevoldsen and Juhler, 2010; Table S9) showed good agreement
with partition coefficients in our study (no other analytes were in
the scope of both studies). From this observation it could be
assumed that the solid:water ratio did not significantly affect
sorption, but further investigations are necessary. From infield
studies, where surface waters and the underlying sediments were
investigated, Ahrens et al. (2010) report log K4 = 0.6 for PFNA and
Labadie and Chevreuile (2011) found log Kq = 0.8 for PFHXA, which
again showed good agreement with our study. For PFBA, to the best
of our knowledge, the only partition coefficients available so far
were reported from a wastewater treatment plant. The results were
based on concentrations in suspended matter and aqueous phase of
the primary clarifier (log Kq = —0.7; Vierke et al., 2013a) and were
similar to ours.

Competitive binding was found to influence transport. Gellrich
et al. (2012) found in their column study, that PFBA could be dis-
placed from bindings sites in the soil if longer chain PFCAs were
present. While their concentrations were similar to the ones in our
study, their column had a length of 50 cm and their column
diameter was 20 times smaller than our column, hence providing
much fewer bindings sites than our study. Therefore, we did not
presume competitive sorption to play a major role in our study.

3.6. Conclusions — relevance for the production of drinking water
using riverbank filtration

Breakthrough curves, recoveries and partition coefficients
showed that short-chain PFCAs and PFSAs (i.e. with up to six C-
atoms) are only slightly retarded in the water-saturated sediment
column (as shown by log Kq < 0.5). The shortest chain length
analytes, PFBA and PFBS, were attenuated only by 50% and 25% in
40 cm depth of the sediment column. Even though longer chain
PFCAs, i.e. PFOA and PFNA, yielded higher sorption coefficients
compared to the shorter-chain PFCAs, breakthrough was still
observed during the experimental period. Highest concentrations
in 40 cm depth were attenuated by more than 90% in relation to
peak concentrations in the supernatant.

Furthermore, our results indicate that precursors were also able
to pass a water-saturated sediment column. Their contribution to
the occurrence of PFCAs and PFSAs in riverbank filtrate warrants
future research.

In consequence, if contaminated surface waters are used as a
resource for drinking water production via sediment passage short-
chain PFCAs and PFSAs will not be subject to attenuation whilst
longer chain PFCAs will be diluted as a result of the retardation by
the sediment, but nevertheless, a fraction of these may also even-
tually be able to pass the sediment. The data presented here are
relevant to such settings because they were obtained under near-
natural conditions with low, i.e. environmentally relevant con-
centrations of analytes. Therefore, contaminated riverbank filtrate
used for drinking water production is likely to require further
treatment to prevent human exposure to these substances.
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1. Analytes

Table S 1: List of analytes with their abbreviations and suppliers of standards.

Name of
Name Abbreviation Supplier standard
Wellington
Perfluoro-1-butanesulfonicacid PFBS Laboratories PFAC-MXA
Wellington
Perfluoro-1-hexanesulfonicacid PFHxS Laboratories PFAC-MXA
Wellington
Perfluoro-1-heptanesulfonicacid PFHpS Laboratories L-PFHpS
Wellington
Perfluoro-1-octanesulfonicacid PFOS Laboratories PFAC-MXA
Wellington
Perfluoro-n-butanoic acid PFBA Laboratories PFAC-MXA
Wellington
Perfluoro-n-pentanoic acid PFPA Laboratories PFAC-MXA
Wellington
Perfluoro-n-hexanoic acid PFHxA Laboratories PFAC-MXA
Wellington
Perfluoro-n-heptanoic acid PFHpA Laboratories PFAC-MXA
Wellington
Perfluoro-n-octanoic acid PFOA Laboratories PFAC-MXA
Wellington
Perfluoro-n-nonanoic acid PFNA Laboratories PFAC-MXA
Wellington
Perfluoro-n-decanoic acid PFDA Laboratories PFAC-MXA
present from
N-methylperfluoro-1-butanesulfonamide MeFBSA 3M -
N-methylperfluro-1- present from
butanesufonamidoethanol MeFBSE 3M -
Wellington
2-Perfluorohexyl ethanoic acid (6:2) 6:2 FTCA o. FHEA Laboratories FTA MXA
Wellington
2-Perfluoroocxyl ethanoic acid (8:2) 8:2 FTCA o. FOEA Laboratories FTA MXA
Wellington
2-Perfluorodexyl ethanoic acid (10:2) 10:2 FTCA o. FDEA | Laboratories FTA MXA
6:2 FTUCA o. Wellington
2H-Perfluoro-2-octenoic acid (6:2) FHUEA Laboratories FHUEA
8:2 FTUCA o. Wellington
2H-Perfluoro-2-decenoic acid (8:2) FOUEA Laboratories FHOEA
Wellington
Perfluoro-1-hexane[*®0,]sulfonicacid 80,PFHxS Laboratories MPFAC-MXA
Wellington
Perfluoro-1-[1,2,3,4-3C,]octanesulfonicacid 3¢c,PFOS Laboratories MPFAC-MXA
Wellington
Perfluoro-n-[1,2,3,4-**C,]butanoic acid 13¢c,PFBA Laboratories MPFAC-MXA
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Wellington
Perfluoro-n-[1,2,-"*C,]hexanoic acid BC,PFHXA Laboratories MPFAC-MXA
Wellington
Perfluoro-n-[1,2,3,4-**C,]octanoic acid 3c,PFOA Laboratories MPFAC-MXA
Wellington
Perfluoro-n-[1,2,3,4,5-*Cs]Jnonanoic acid BCsPENA Laboratories MPFAC-MXA
Wellington
Perfluoro-n-[1,2-3C,]decanoic acid 13C,PFDA Laboratories MPFAC-MXA
Wellington
N-methyl-d3-perfluoro-1-octanesulfonamide | D3-MeFOSA Laboratories d-N-MeFOSA-M
2-(N-deuteriomethylperfluro-1-octane- Wellington
sufonamido)-1,1,2,3-tetradeuterioethanol D7-MeFOSE Laboratories d7-N-MeFOSE-M
2-PerfIuorohexyl-[l,Z-BCz]-ethanoic acid Wellington
(6:2) BCFHEA Laboratories MFTA-MXA
2—PerfIuoroocxyl-[1,2-13C2]-ethanoic acid Wellington
(8:2) 3CFOEA Laboratories MFTA-MXA
2-Perﬂuorodexy|-[1,2-13C2]-ethanoic acid Wellington
(10:2) CFDEA Laboratories MFTA-MXA
Wellington
2H-Perfluoro-[1,2-C,]-2-octenoic acid (6:2) | *CFHUEA Laboratories MFHUEA
Wellington
2H-Perfluoro-[1,2-"C,]-2-decenoic acid (8:2) | *CFOUEA Laboratories MFOUEA
2-(N-deuterioethylperfluro-1-octane- Wellington
sufonamido)-1,1,2,3-tetradeuterioethanol D9-EtFOSE Laboratories d9-N-EtFOSE-M
Wellington
Perfluoro-1-[1,2,3,4-3C,]octanesulfinate MPFOSi Laboratories MPFOSi
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Table S 2: Masstransfer of analytes and corresponding masslabelled internal standards (IS)

Name Masstransfer | IS Masstransfer
PFBA 213 /169 | *C,PFBA 217 /172
PFPA 263 /219

PFHXA 313 /269 | *C,PFHxA 315/270
PFHpA 363 /319

PFOA 413 /369 | C,PFOA 417 /372
PFNA 463 / 419 | CsPFNA 468 / 423
PFDA 513 /469 | *C,PFDA 515/ 470
PFBS 299 /80

PFHXxS 399 /80 | '®0,PFHXS 403 /84
PFHpS 449 /79

PFOS 499 / 80 | *C,PFOS 503 /80
MeFBSA 312/219 | d3-N-MeFOSA-M 515/169
MeFBSE 416/59 | d7-N-MeFOSE-M 623/59
FHEA 377/293 | *C,FHEA 379/294
FOEA 477/393 | *C,FOEA 479/394
FDEA 577/493 | *C,FDEA 579/494
FHUEA 357/293 | *C,FHUEA 359/294
FOUEA 457/393 | *C,FOUEA 459/394
d9-N-EtFOSE 640/59 | -

PFOSi 487/423 | -
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2. Grain Size distribution

Table S 3: Grain size distribution of the coarse-grained medium sand in the enclosure.

Grain size
(mm) <0.002| 0.002-0.0063| 0.0063-0.02| 0.02-0.063| 0.063-0.2{0.2-0.63|0.63-2.0
Fraction (%) 0.0 0.0 0.1 0.4 14.8 73.8 10.9

3. Limits of detection

Table S 4: Limits of detection (LOD) in ng L™ for analytes in water samples. For analytes were blank concentrations were
frequently detected the standard deviation of the blank concentrations was defined as LOD. The instrumental detection
limit, determined as the concentrations in the lowest calibration points which corresponds to a signal of noise ratio of
three, was used as LOD for compounds were no blank concentrations were found.

LOD (inngL?)

PFBS 0.05
PFHxS 0.02
PFHpS 0.17
PFOS 2.2
PFBA 0.28
PFPA 0.3
PFHxXA 0.1
PFHpA 3.3
PFOA 0.12
PENA 0.04
PFDA 0.04

MeFBSA 0.36

MeFBSE 0.04

FHEA 0.27
FOEA 0.96
FDEA 0.66
FHUEA 0.13
FOUEA 0.13
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4. Concentrations of analytes in samples
Table S 5: Concentrations in samples from the supernatant (nd = not detected, *set to LOD/2).

78

Dura- | PFBS | PFHxS | PFHpS | PFBA | PFPA | PFHxA | PFOA | PFNA | PFDA | MeFBSA | MeFBSE | FHUEA
tion
min ngLl? [ ngLl® | ngL® | ngL™ | ngL™ | ngL™ | ngLl™ | ngLl™ | ngL* | ngL? ngl’ | ngL?
System
blank 1.1 | 0.31 nd 1.2 | 0.97| 0.29 1.1| 0.18 nd nd nd nd
0 8.3 8.4 5.4 11 3.7 10 16 7.9 6.6 13 7.9 1.0
135 3.0 2.7 1.8 4.1 1.2 3.0 4.4 2:5 3.6 1.4 4.1 0.68
225 1.8 1.7 2.0 3.0 2.2 2.2 3.5 1.7 2.6 1.3 6.7 nd
345 1.3 0.85 | 0.09* 2.9 | 0.15%* 1.4 1.9 0.88 1.4 nd 0.95 nd
435 1.1 0.55 0.70 1.8 | 0.15* 0.78 1.5 0.47 0.72 nd nd nd
1125 0.42 nd | 0.09* 2.1 | 0.15%* 0.55 0.74 0.04 0.01 nd nd nd
1290 0.60 nd | 0.09* 2.6 | 0.15* 0.38 0.92 0.12 0.04 nd nd nd
1545 0.12 0.41 nd | 0.14* | 0.15* 0.33 0.99 0.19 nd nd nd nd
1635 1.3 0.45 nd 0.66 | 0.15%* 0.13 0.86 0.11 | 0.02* nd nd nd
2865 0.09 nd nd 0.38 | 0.15* 0.43 1.1 0.56 0.16 nd nd nd
5430 0.10 0.14 nd 0.66 | 0.15%* 0.38 1.0 0.52 nd nd nd nd
14445 0.19 0.29 nd | 0.14* | 0.15* 0.26 0.94 0:15 nd nd nd nd
6




Table S 6: Concentrations in samples from 40 cm (nd = not detected, *set to LOD/2).
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Duration | PFBS | PFHxS | PFBA | PFPA | PFHXA | PFOA | PFNA | MeFBSE
min ng [ ngL? ngL? ngL? ng L ng [ ng 2 ngL?
System

blank 1.2 0.4 16| 0.15*| 0.32| 056| 0.06 nd
135 6.3 3.0 55| 0.15* 1.3 13| 0.19 0.41
225 4.2 3.2 42| 096 1.4 1.2 | 0.02* 0.18
345 3.2 2.3 3.4| 0.15* 1.5 12| 0.02 nd
435 7.3 1.8 2.9 1.0 1.6 12| 0.02 nd
1125 079 0.26 1.8 | 0.15%| 0.89 11| 0.06 nd
1290 091 | 049 1.8 | 0.15* 14| 098 0.04 nd
1395 093 | 037 1.9 | 0.15* i 13| 0.02* nd
1545 0.13| 0.38 05| 044| 054 12| 012 nd
1635 069 | 0.37 15| 0.15* 1.1 12| o011 nd
1770 023| 016 034 0.15*| 0.72 15| 0.48 nd
2550 048 | 033| 0.14*| 0.15*| 083| 0.72| 0.02* nd
2865 0.03*| 019| 028 0.15*| 0.57| 093] 047 nd
3075 040 | 034| 044| 015*| 085| 062| 0.07 nd
3210 0.03*| 014| 056/ 0.15*| 0.47 11| 049 nd
4005 0.03*| 019| 042| 0.15*| 0.35| 098] 0.49 nd
4395 016| 023| 058 0.15*| 0.49 10| 0.54 nd
4650 005| 019| 061| 0.15%| 0.38 12| 053 nd
5430 0.03*| 008| 055| 0.15*| 0.37| 094| 055 nd
7125 008| 024 072| 015*| 030| 086| 0.53 nd
8835 098 | 021 39| 015*%| 0.72 19| 026 nd
9765 12| 013| o061| 015*| 066 16| 050 nd
10425 14| 022 24| 015*| 051 12| 019 nd
11520 0.09| 043| 0.14*| 015*| 0.28| 088| 0.8 nd
12945 007| 039 0.14*| 015*| 030| 081| 0.17 nd
12985 088| 009| 051| 015*| 028| 074| 0.08 nd
14445 005| 034| 072| 015*| 011| o0.82| 0.4 nd
15705 041 | 0.15 13| 0.15*| 042| 084| 005 nd
20220 11| 0.10 15| 0.15%| 0.38 13| 025 nd
21480 13| 0.12 34| 015*| 062| 094| 0.11 nd
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Table S 7: Concentrations in samples from 80 cm (nd = not detected, *set to LOD/2).

Duration | PFBS | PFHxS | PFBA PFHXA | PFOA PFNA
min ng [ ngL? ngL? ng 2 ng (B ng L
System

blank 1.1 0.36 1.6 0.37 0.77 nd
135 0.94 0.41 1.4 0.05* 0.64 | 0.02*
225 0.38 0.14 1.4 0.34 0.98 Nd
345 0.38 0.52 0.14* 0.23 0.88 0.05
435 1.6 0.50 0.50 0.24 0.99 | 0.02*
1125 1.9 1.2 2.7 0.38 0.93 Nd
1290 1.5 1.0 2.9 0.39 0.96 Nd
1395 0.63 1.1 1.8 0.29 0.85 0.05
1545 0.43 0.76 1.5 0.42 0.86 | 0.02*
1635 1.8 0.93 3.0 0.05* 1.1 0.06
1770 0.68 0.44 1.6 0.42 1.2 nd
2550 1.4 0.44 1.3 0.22 0.9 0.06
2865 0.18 0.18 1.2 0.64 1.1 nd
3075 1.6 0.58 0.93 0.22 0.80 nd
3210 0.19 0.16 0.96 0.56 1.1 nd
4005 0.21 0.19 1.1 0.64 1.2 nd
4395 0.12 0.22 0.78 0.76 1.1 nd
4650 0.22 0.13 0.47 0.69 0.94 nd
5430 0.03* 0.16 0.78 0.69 0.88 0.42
7125 0.03* 0.15 0.58 0.57 1.0 0.41
9765 0.03* 0.18 0.49 0.53 1.0 0.45
11520 0.03 0.36 0.35 0.47 1.2 0.13
12945 0.11 0.40 0.31 0.44 1.2 0.13
14445 0.21 nd 0.90 0.68 1.1 0.10
15705 0.42 0.21 1.4 0.83 1.5 0.07
20220 3.6 1.4 13 15 17 0.91
21480 0.48 0.19 1.3 0.14 1.1 0.11

80



A2 Paper 2 sediment-water partitioning enclosure

6
20y pue Py aA3e39U B Ul }NSSJ P|NOM Y dA13e33U B .
P2129313p j0U |
ER:EEIA
Ajuo sajdwes
. OM} Ul pa329313Q - . - ” = ; ) 2 T €50
VN4d
xead Jea|) yead Jeap 8¢ 8'¢ 006S | 009 Z9°0 S9°0 v Sy T¢C 9C
VO4d
JuawWIadxXa 3J13Ud Y}
404 JW1| UOIIDIAP Y} dA0Qe | JudWIIRAXD d41IUD
AJ340ys suo13es3ua2u0d 9y} 10} UOI}BJIIUIIUOD
pue sead Jeajd oN ysiy ang yead JedPON | 6'€ ot 0¢0L | 00€6 690 ¢80 6t S’9 14 8¢
VXH4d
yead 3uljiey Ajpy3is yead 3uijiey Apysis 9'¢ 0'¢ 00Ty | OV6 9’0 8T°0- | 6C 990 ST LY
Vd4dd
sjulod ejep
1 Ma4 AJan yum sead - 8T 000 9 T Vi I 00 L €1
vddd
sjuiod
Blep palanieds Yim yead jead Jes|d Lic 80 0€S €9 €v'o- v LEO 000 8'¢C 0T
SXH4d
yead Jea|d Jead Je’|) 8'C (4" 06S Vi 6€°0- 00¢- | Iv'0 100 (083 TT
Sa4d
SUETRIITI
sjuiod jou sjuod eep
B1ep pala}ieds Ylim yead Jo uonnjosas Ajpwiy [0R3 A o6v = LY'0- = €0 z 9'¢ o
wo 08 wd op wd 08 | wd op wd 08 | woop wd 08 wd O | wo 08 wd Ot wo 08 wa ot
JUaWIWO) 20y go) (.8 (w2)20y Py 50| (,.8 jw2)Py
"(°°y Boj
pue wm cwo uy 20y)) spuaId1yye09 Buluonnied paAjossip-juawipas pazijewou uoq.ed suebio pue (Py boj pue vm (W ul Py) sjuaid1y4009 uoniied paAjoSSIp-judawWIpas 8 S ajqe
Sjuaidiy}a0d

Sujuoniied panjossip-uaWIPIS PIzijewIou Uogied J1uesio pue Ssjuaidiy20I uoiiyied paAnjossIp-JuUdWIPaS *g

81



A2 Paper 2 sediment-water partitioning enclosure

6. Sediment-dissolved partition coefficients reported in the literature

Table S 9: Log K, values (cm’ g or L Kg') reported in the literature.
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8:2
Reference details PFHxXA | PFHpA | PFOA | PFNA | PFDA | PFBS | PFHxS | PFHpS | PFOS | PFOSA | FTUCA
sediment pH
infield 71-74,15
sediment- (Ahrens et -1.7% OC 0.0 0.6 1.8 1.8 2.1 2.5
water al., 2010) SPM 1.9 2.4 2.9 3.5 2.6 3.7 3.4
infield
sediment- | (Kwadijk et
water al., 2010) no details 1.8 1.8 2.9 14 2.4 2.5
(Labadie
infield and
sediment- | Chevreuile,
water 2011) 4.8 % OC 0.8 0.8 15 2.4 0.9 1.6 2.4
infleld , 21-11%0c | 25| 24| 25| 25| 30 55 2.8
sediment- (Lietal.,
water 2011) 1.8 1.7 1.8 2.1 2.9 3.1 2.6
batch 0.75 % OC, 0.9
sediment- (Panetal., pH 7.18
water 2009) 13
(Enevoldsen
batch and Juhler,
soil-water 2010) sandy -0.2 0.0 0.6 1.5 -0.4 1.2
primary
sludge 2.3 3.0
primary
sludge 2.7 33
activated
sludge 2.3 2.9
(Yuetal., activated
WWTP 2009) sludge 2.7 3.4
anaerobically
sewage
sludge 1.9
anaerobically
sewage
(Ochoa- sludge 2.4
Herrera and | anaerobic
batch Sierra- slduge 2.2
sludge - Alvarez, anaerobic
water 2008) slduge 2:3
10
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Environmental context. Polyfluoroalkyl compounds, widely used chemicals in consumer and industrial
products, are global pollutants in the environment. Transport mechanisms and environmental pathways of
these compounds, however, are not yet fully understood. We show that a wastewater treatment plant can be
an important source for polyfluoroalkyl compounds to the atmosphere where they have the potential to
be transported long distances.

Abstract. An air sampling campaign was conducted at a wastewater treatment plant (WWTP) to investigate air
concentrations and particle—gas partitioning of polyfluoroalkyl compounds (PFCs). Samples were collected at an aeration
tank and a secondary clarifier using both active high volume samplers and passive samplers comprising sorbent-
impregnated polyurethane foam (SIP) disks. Water to air transport of PFCs was believed to be enhanced at the aeration
tank owing to aerosol-mediated transport caused by surface turbulence induced by aeration. Mean air concentrations of
target PFCs at the aeration tank were enriched relative to the secondary clarifier by factors of ~19, ~4 and ~3 for
S fluorotelomer alcohols (FTOHs) (11000 v. 590 pgm ), S perfluorooctane sulfonamides & perfluorooctane sulfona-
midoethanols (FOSAs & FOSEs) (120 v. 30pgm—>) and > perfluoroalkyl carboxylates & perfluoroalkyl sulfonates
(PFCAs & PFSAs) (4000 v. 1300 pgm ) respectively. The particle associated fraction in the atmosphere increased with
increasing chain length for PFCAs (from 60 to 100%) and PFSAs were predominantly bound to particles (~98%). Lower
fractions on particles were found for FTOHs (~3%), FOSAs (~30%) and FOSEs (~40%). The comparison of the active

L. Vierke et al., Environ. Chem. 2011, 8, 363-371. doi:10.1071/EN10133

and passive air sampling showed good agreement.

Additional keywords: atmosphere, passive air sampler, PFC, PFOA, PFOS, WWTP.

Introduction

Polyfluoroalkyl compounds (PFCs), such as perfluorooalkyl
carboxylates (PFCAs) and perfluorooalkyl sulfonates (PFSAs),
have been detected in a variety of environmental media and also
in remote regions“]; including rivers,'”) oceans,”®! the atmo-
sphere,m wildlife,!'! and in humans.””) PFCAs and PFSAs
are persistent, bioaccumulative and toxic.[°®! Fluorotelomer
alcohols (FTOHs), perfluorooctane sulfonamides (FOSAs) and
perfluorooctane sulfonamidoethanols (FOSEs) are precursors
for PFCAs and PFSAs.” ' These precursors are volatile and
can be transported in the atmosphere.['>~'%!

There is still uncertainty about the origin of PFCs in the
environment and the transport pathways of PFCAs and PFSAs
are still under discussion. Wastewater treatment plants

© CSIRO 2011

(WWTPs) are known to be point sources for PFCAs and PFSAs
in rivers.'>!'®) PFCs can be further transported via ocean
currents to remote regions.m In terms of atmospheric pathways,
the long-range transport of precursors can contribute to the
occurrence of PFCs in remote regions,[”"x] However, the
amounts from transport of PFCAs and PFSAs in ocean currents
or from their precursor compounds in the atmosphere are not
sufficient to fully explain the levels detected in remote
regions.l'>!7! Additionally, atmospheric PFCA and PFSA
concentrations in urban areas cannot be explained by only
considering the degradation of precursors.!'”!

Recently, a laboratory experiment and a model have shown
the transport of perfluorooctanoic acid (PFOA) in the gas-phase
in its neutral form.?*2" It was suggested that PFOA originated

1448-2517/11/040363
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from aerosol-mediated transport from a water body into the
atmosphere.[m] PFCAs and PFSAs have been detected in the
particle-phase in the atmosphere; however, only a few studies
have reported their presence in the gas-phase.“g'zzl

The aim of this study was to generate more information on
aerosol-mediated sources of PFCs by investigating the air
concentrations and particle-gas partitioning of PFCs emitted
at two locations in a WWTP — the aeration tank and the
secondary clarifier. A secondary aim was to compare measure-
ments conducted using the active high volume air sampler with
time-integrated measurements using a sorbent-impregnated
polyurethane foam (SIP) disk passive air sampler.

Experimental methods
Chemicals

The target analytes included 10 PFCAs (C4—C,, C,4), 4 PFSAs
(C4, Cs, Cg, Cy1p), 3 FTOHs (6:2,8:2, 10:2 FTOH), 3 FOSAs,
2 FOSEs, 1 PFOSEA and 19 mass-labelled internal standards
(see Tables Al and A2 in the Accessory publication, available at
http://www.publish.csiro.au/?act=view_file&file_id=EN10133_
AC.pdf).

Sampling
Sampling took place at a WWTP in Ontario, Canada, during
spring 2010. At this sampling site two sampling locations were
chosen: one at the aeration tank, where activated sludge is added
to the wastewater to remove organic materials; and the other at the
secondary clarifier, where the sludge is allowed to settle, to be
separated from the water. The main difference between the two
sampling sites is that air is blown into the wastewater at the aer-
ation tank, to create an aerobic environment for the microbes. This
generates a turbulent and bubbling surface at the aeration tank
whereas the surface of the secondary clarifier is relatively calm.

High volume air samples (~140m® per sample) were col-
lected for 24 h, twice per week over a period of 6 weeks at an
aeration tank and a secondary clarifier at a WWTP. Glass fibre
filters (GFFs) (Pall Corporation, Quebec, QC, Canada, Type A/E
Glass 102-mm diameter baked at 250°C before sampling) were
used to collect the particle-phase, whereas PUF/XAD/PUF
cartridges (precleaned large PUF plug, Supelco, Oakville, ON,
Canada, 7.6-cm length, 6-cm diameter, 15 g of XAD-2 (Supel-
coTM-2), Supelco) were used for trapping gas-phase com-
pounds. In addition, SIP disks were deployed in duplicate
for 37 days during the same time period at both sampling sites
to provide a time-integrated sample. To prepare SIP disks,
precleaned PUF disks (diameter 14cm, thickness 1.35cm,
surface area 365cm’, mass 4.4 g, volume 207 cm’, density
0.0231 gcm_S, Tisch Environmental, Cleves, OH, USA) were
coated by dipping in a hexane and ground Amberlite XAD-4
slurry (styrene-divenylbenzene, Supelco) and then drying,
according to the method described in Shoeib et al.**!

The effective air volume (V,;,) for passive samples was
calculated usinglz‘”:

dxie;
Vair = Ksip—air X VS]P[I = exp(— m)] W
—airr 1m

Vsip is the volume of the SIP disks (2.10 x 10*m?), d the
deployment time (37 days), Dy, the thickness of the SIP disks
(5.67 x 10 3m) and k, the air-side mass-transfer coefficient
(108 m day ") calculated as the ratio of the sampling rate and the
area of the SIP disks (3.7 x 107>m?). The sampling rate was
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determined during another study (r=4m?> day ").>* SIP-air
partitioning coefficients (Ksip_,i;) and the slope of octanol-air
partitioning coefficients (K,) from the literature!?*232%1 were
used for the determination of temperature dependent Kgip_,ir
values (average temperature during sampling period 9°C). The
sample volume for FTOHs, FOSAs and FOSEs ranged from
120 to 140 m”.

For PFCAs and PFSAs, an effective air volume of 150 m*
was calculated based on the duration of 37 days and a SIP disk
sampling rate of 4m> day ' according to Genualdi et al.*¥]

Field blank samples for all sample media were collected by
exposing them for 1 min at the sampling site and then treated
them like real samples. Total suspended particles (TSPs) were
determined gravimetrically by weighing the GFFs before and
after sampling and dividing the mass by the air sample
volumes. Furthermore air temperature was measured at the
sampling sites.

Extraction and analysis

The extraction method and analysis was similar to methods
used elsewhere.”>?*1 All samples were spiked with mass-
labelled internal standards before extraction. The PUF/XAD/
PUF cartridges and the SIP-disks were extracted using Soxhlet
apparatus with petroleum ether (6 h, 240 mL, ~20-40 cycles)
for FTOHs, FOSAs and FOSEs and thereafter with methanol
(1014 h, 240 mL, ~50-70 cycles) for PFCAs and PFSAs. The
GFFs were extracted by sonication using dichloromethane
for FTOHs, FOSAs and FOSEs (three times using 12 mL for
20 min and then combining extracts) and methanol for PFCAs
and PFSAs (five times using 12mL for 20 min and then
combining extracts). The two fractions for each sample media
were treated separately. All fractions were concentrated by
rotary evaporation (Biichi, Flawil, Switzerland) and nitrogen
blow down. The methanol fractions were cleaned with Envi-
Carb."*”) The petroleum ether and dichloromethane fractions
were applied to sodium sulfate columns for removing mois-
ture. After clean up, 80% of the dichloromethane extract was
combined with the corresponding methanol extract, because
PFCAs and PFSAs were found to be partially extracted into
dichloromethane. The methanol fractions were treated by
adding 50% water and injections standards '*Cg-PFOS and
13C¢-PFOA, whereas Me,FOSA was added as the injection
standard to the other fractions.

Gas chromatography mass spectrometry (GC-MS) in posi-
tive chemical ionisation mode (PCI) (Agilent Technologies,
Mississauga, ON, Canada, 7890 A GC system) was used for
analysis of FTOHs, FOSAs and FOSEs (except for PFOSA).
The separation of target compounds was performed on a
DB-WAX column (30m, 0.25-mm inner diameter, 0.25-um
film, J&W Scientific, Folsom, CA, USA). The injection volume
was 2puL and using splitless injection (200°C). The oven
temperature program is given in the Accessory publication
(Table A3). Helium was used as carrier gas at a flow rate of
1.3mL min "', Methane was used as the reaction gas.

Instrumental analysis of PFCAs and PFSAs (including
PFOSA) was performed using high pressure liquid chroma-
tography (Agilent 1100 Series) tandem mass spectrometry
(HPLC-MS/MS) (Applied Biosystems, Toronto, ON, Canada,
4000 QTRAP) in the electrospray negative ionisation mode
at atmospheric pressure. For separation, a pre-column (Cg,
4-mm length, 2-mm diameter, Phenomenex, Torrance, CA,
USA) and a Luna column (Cg (2), 50-mm length, 2-mm
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Fig. 1. Box-whisker plots for FTOH, FOSA and FOSE concentrations in the gas (a) and particle-phase (b) at the aeration tank and the

secondary clarifier. The boxes show median concentrations and the 25th and 75th percentiles; 10th and 90th percentiles are indicated by the
whiskers and the dots represent the minimum and maximum concentrations. The mean concentrations are indicated with an x. If more then
25% of the data for one compound were below the IDL only minimum, maximum and mean values are shown.

diameter, 3-um particle size, Phenomenex) was used. Methanol
and water, each with 10-mM ammonium acetate, were used as
the mobile phase. The flow was set to 0.25 uL min~" and the
gradient is given in the Accessory publication (Table A4). The
injection volume was 25 pL.

Quantification was performed based on response factors of
the target compounds and their corresponding internal stan-
dards. The ratio of both response factors was used for recovery
correction. The calibration curves included eleven points for
FTOHs (0.3-3800ngmL "), seven points for FOSAs and
FOSEs (0.12-115ngmL"") and eight points for PFCAs and
PFSAs (0.005-5.0ngmL "~ 1. Instrument detection limits (IDLs)
were calculated by extrapolating instrument response in blank
samples to a concentration that would give a S/N value of three.
A further limit of detection (LOD) calculated as three times the
standard deviation (s.d.) of the blanks was used. Concentrations
below the blank levels and below the IDL were set to half of the
LOD for statistical analysis. In cases where the substitution for a
particular chemical was required for more than 25% of the data
set, only the mean value was presented in Figs 1 and 2 as the
other statistical parameters are subject to bias by substituting a
constant value.**! Compounds not detected above the IDL in
any of the samples were excluded from further investigations.

Prior to extraction, small punches (0.7 em?) of seven GFFs
from each sampling site were analysed for organic carbon
using a Thermal Optical Transmission box (Sunset Laboratory,
Tigard, OR, USA). PFC concentrations for the relevant GFFs
were corrected based on the punched area.

365

Results and discussion
Quality control

Concentrations in blank samples ranged from <IDL to 7 pgm >
in PUF/XAD/PUF cartridges and GFFs and from <IDL to
10pgm > in SIP disks. All results were corrected for blanks.
Details of IDLs and the blank levels for individual compounds
are given in Tables A5 and A6 in the Accessory publication.

LODs ranged from 0.4 to 13 pg m > for FTOHs, FOSAs and
FOSEs and from 0.01 to 39 pgm > for PFCAs and PFSAs (see
Table A6 in the Accessory publication).

Recoveries for internal standards of target PFCs in PUF/
XAD/PUF cartridges ranged from 5.9+ 1.8% for '*C-6:2
FTOH to 100+ 18% for *C-10:2 FTOH; from 72 = 13% for
d3-MeFOSA to 230+37% for dy-EtFOSE and from 21+
11% for "*C,-PFDoDA to 180:96% for '*C,-PFBA. The
low recoveries for '*C-6: 2 FTOH are associated with the high
volatility of this compound and the resulting evaporative losses
during Soxhlet extraction and concentration. Signal enhance-
ment caused by solvent or interfering compounds might be
responsible for high recoveries, i.e. for do-EtFOSE. For GFFs,
the recoveries ranged from 9.4 +2.8% for '*C-6:2 FTOH to
150 + 25% for do-EtFOSE and from 36 = 8.5% for '*C,-PFBA
to 674 16% for '*C,-PFHxA. For the SIP disks recoveries
ranged from 6.4 -+ 1.0% for '*C-6:2 FTOH to 310 +40% for
180,-PFHxS. All samples (including blanks) were recovery
corrected using appropriate factors based on recoveries pre-
sented above and summarised in Table A7. The poor recoveries
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Fig.2. Box-whisker plots for PFCA and PFSA concentrations in the gas (a) and particle-phase (b) at the aeration tank and the
secondary clarifier. The boxes show median concentrations and the 25th and 75th percentiles; 10th and 90th percentiles are
indicated by the whiskers and the dots represent the minimum and maximum concentrations. The mean concentrations are
indicated with an x. If more then 25% of the data for one compound were below the IDL only minimum, maximum and mean

values are shown.

for 6:2 FTOH cause greater uncertainty in the derived air
concentration for this compound.

FTOH, FOSA and FOSE air concentrations

Gas- and particle-phase air concentrations for FTOH, FOSA
and FOSE are shown in Fig. | and are summarised with results
from passive samples in Table 1. Detailed results are in
Tables A8—A11 in the Accessory publication. PFOSEA was not
detected above the IDL in any sample and was therefore
excluded from further investigations.

Gas-phase samples were dominated by FTOHs with a mean
concentration of 11000 pg m~> at the aeration tank and
590 pgm * at the secondary clarifier. Mean > FOSA & FOSE
concentrations were 43pgm > at the aeration tank and
16pgm ™ at the secondary clarifier. Conversely, S FTOH
exhibited the lowest particle-phase concentrations (25 pgm >
at the aeration tank and 1.9 pgm > at the secondary clarifier),
whereas for Y FOSA & FOSE particle-phase concentrations
were higher at 69 and 11pgm > respectively. The mean
S"FTOH concentrations at the aeration tank were 18 times
higher for the gas-phase and 13 times higher for the particle-
phase compared with the secondary clarifier (z-test, P<0.001
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and P<0.005 respectively). Mean ) _FOSA & FOSE concen-
trations were approximately a factor of three to six higher at
the aeration tank compared with the secondary clarifier (#-test,
P<0.001 for gas- and particle-phase respectively). These
results point to the important role of the aeration process in
emitting high concentrations of PFCs to the atmosphere.

Composition

The composition of FTOHs, FOSAs and FOSEs in each
sample is shown in Figs A1 and A2 in the Accessory publication.
The profile of FTOHs in the gas-phase was dominated by 6: 2
FTOH (54%) > 8:2 FTOH (38%) > 10:2 FTOH (8%) and
was similar at both sampling sites. In the particle-phase at the
aeration tank, all of the FTOHs were detected (8:2 FTOH
(47%) > 10:2 FTOH (35%) > 6:2 FTOH (18%)) whereas at
the secondary clarifier only 10: 2 FTOH was detected above the
IDL. For FOSAs and FOSEs the gas-phase profile was different
at the two sites. The aeration tank samples were dominated by
MeFOSE (47%) and MeFOSA (27%), whereas the secondary
clarifier samples were dominated by PFOSA (39%) and
MeFOSA (24%). FOSAs and FOSEs in the particle-phase
showed a similar pattern at the aeration tank and the secondary
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PFCs in the air at a wastewater treatment plant

Table 1. Individual PFC concentrations in the gas-phase and particle-phase and from SIP disk passive air samplers at the aeration tank and
secondary clarifier in picograms per cubic metre (minimum—maximum and average in parentheses)
Aeration tank Secondary clarifier
Gas-phase Particle-phase SIP disk passive air Gas-phase Particle-phase SIP disk passive air
samples samples

6:2 FTOH 78014000 (5700) 0.36-34(7.7)  11000-12000 (12000)  0.31-910 (330) 0.36-0.36 (0.36) 670910 (790)
8:2 FTOH 900-16 000 (4700) 0.250-27 (10) 5700-5800 (5800) 27-670 (220) 0.25-0.25 (0.25)  310-350 (330)
10:2 FTOH 72-3100 (920) 2.5-21(7.5) 780-860 (820) 6.2-110 (41) 0.82-5.2 (1.9) 41-48 (45)
> FTOH 3300-33 000 (11000) 4.5-79 (25) 18000-19000 (18 000)  34-1700 (590) 1.4-5.8 (2.5) 1100-1300 (1200)
MeFOSA 0.71-36 (13) 0.27-3.3 (1.4) 13-14 (14) 0.23-6.7 (1.9) 0.1-0.66 (0.4) 0.79-1.0 (0.90)
EtFOSA 0.46-10 (4.9) 0.25-1.5 (0.8) 5.7-5.9 (5.8) 0.19-3.4(1.2) 0.1-0.32 (0.23) 1.2-1.6 (1.4)
MeFOSE 4.9-44 (20) 6.6-44 (18) 16-18 (17) 0.54-13 (5.6) 0.77-12 (3.7) 4.54.94.7)
EtFOSE 4.1-7.0 (6.5) 3.4-24(11) 8.5-9.4 (8.9) <6.96-8.3 (7.1) 0.81-13 (2.2) 1.8-2.3 (2.0)
PFOSA 2.3-9.5 (4.3) 5.9-95 (38) 4.9-10(7.7) 0.54-11 (3.3) 0.97-12 (4.0) 0.0-0.0 (0.0)
3 "FOSA & FOSE 11-100 (43) 23-120 (69) 52-55 (54) 11-31 (16) 4.9-31(11) 6.9-93 (8.1)
PFHxS 0.06-2.1 (0.78) 3.3-43 (15) 0.62-0.87 (0.74) 0.12-1.6 (0.59) 5.8-41(15) 0.65-0.91 (0.75)
PFOS 1.1-41 (5.8) 4807200 (3900) 220-260 (240) 0.65-30 (4.7) 6201600 (1100) 21-38 (30)
PFDS 0.01-0.01 (0.01) 0.04-18 (7.4) 0.01-0.01 (0.01) 0.01-0.01 (0.01) 0.84-2.6 (1.4) 0.01-0.01 (0.01)
PFBA 0.9-30 (11) 9.3-79 (42) 13-15 (14) 2.1-25(14) 1.4-62 (31) 6.7-13 (9.9)
PFPA 1.7-25 (8.7) 0.99-73 (22) 6.1-6.7 (6.4) 0.42-40 (8.8) 19-19 (19) 0.34-2.4(1.4)
PFHxA 6.6-50 (20) 5.7-110 (52) 18-20 (19) 0.7-2.8 (1.6) 5.0-45 (13) 1.2-1.7 (1.4)
PFHpA 0.16-13 (5.1) 2.5-40(18) 5.2-6.0 (5.6) 0.04 -0.81 (0.54) 0.66-8.8 (3.8) 0.85-1.0 (0.94)
PFOA 2.1-25(13) 12-150 (71) 8.1-11 (9.7) 0.63-4.9 (2.3) 12-57 (25) 2.0-3.1(2.5)
PFNA 0.69-9.3 (2.1) 3.0-48 (21) 1.1-1.2 (1.1) 0.45-1.4 (0.72) 3.7-12 (6.8) 0.41-0.66 (0.54)
PFDA 0.25-2.8 (1.4) 4.0-110 (46) 2.0-22(2.1) 0.14-0.81 (0.42) 4.5-15(8.3) 0.28-0.38 (0.33)
PFUnDA 0.03-9.0 (1.2) 0.59-47 (14) 1.2-1.2(1.2) 0.06-0.41 (0.33) 2.0-27 (15) 012-0.35(0.24)
PFDoDA 0.09-0.64 (0.24) 0.09-4.7 (1.1) 0.15-0.21 (0.18) 0.06-0.31 (0.11) 0.08-3.1 (1.3) 0.02-0.05 (0.04)
PFTDA 0.004-0.004 (0.004) 0.02-2.2 (0.31) 0.01-0.01 (0.01) 0.0-0.0 (0.0) 0.03-0.36 (0.17) 0.01-0.01 (0.01)
S_PFCA & PFSA 25-120 (69) 849-7600 (3900) 280-320 (300) 17-86 (34) 760-1700 (1100) 35-61 (48)
> PFC 3300-33 000 (11 000) 29-130 (94) 18 000-19000 (19000)  47-1790 (600) 6.0-36 (13) 1100-1300 (1200)

clarifier with dominant compounds being PFOSA (53 and 40%
respectively), MeFOSE (27 and 38% respectively) and EtFOSE
(~17% at both sites).

Comparisons with other measurements

It is interesting to compare the magnitude of air concentra-
tions for the various PFCs measured at the WWTP to other
studies. This comparison will give some sense of the importance
of the WWTP as a point source to air. Air concentrations of
FTOH in the urban area of Toronto (3 _FTOH = 81 pg m~> sum
of particle and gas-phase!>”) were two orders of magnitude
lower than at the aeration tank and one order of magnitude lower
than at the secondary clarifier. Thus WWTPs seem to be an
important point source for FTOHs. Differences were less drastic
for other PFCs. For instance, FOSA and FOSE concentrations
were approximately six times higher at the aeration tank
compared with urban areas (Y_FOSA & FOSE = 19pgm?
sum of particle and gas-phase!'*?%') and the FOSA & FOSE
concentrations at the secondary clarifier were generally in the
same range as in urban areas.l'>?”) Ongoing studies at this
WWTP are attempting to quantify the emission fluxes to air so
that WWTPs as a whole can be assessed in terms of their
contribution to the atmospheric burdens of PFCs.

PFCA and PFSA air concentrations

Gas- and particle-phase results for PFCA and PFSA in air are
shown in Fig. 2 and further summarised in Table 1 and in Tables
A8-Al1l in the Accessory publication.

Gas-phase concentrations of PFCAs and PFSAs (3 _PFCA &
PFSA 70pgm > at the aeration tank and 34pgm > at the
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secondary clarifier) were one to three orders of magnitude lower
compared with FTOHs; however, they were two times higher
than FOSAs and FOSEs. In contrast, > PFCA & PFSA con-
centrations in the particle-phase were 500 and 100 times higher
than the ) "FTOH and > " FOSA & FOSE concentrations respec-
tively. PFOS was the dominant compound in the particle-phase.
PFOS concentrations (average 3600 pgm > at the aeration tank
and 1000 pg m > at the secondary clarifier) were one to three
orders of magnitude higher than concentrations of the other
PFCs. It is interesting to note that mean ) PFCA & PFSA
concentrations were significantly higher at the aeration tank
compared with the secondary clarifier (factor of 1-4, r-test
P<0.012 for the gas-phase, P<0.003 for the particle-phase).
In former studies investigating other WWTPs, higher PFC
concentrations were reported in treated effluent in comparison
to influent wastewater, though mass flow charts from Schultz
et al. indicate similar concentrations in the aeration tank and
secondary clarifier.!'>>" This indicates that the observed differ-
ences in air concentrations are most likely associated with
enhanced mass transfer (water to air transfer) of PFCAs and
PFSAs owing to the aeration process rather than to differences in
wastewater concentrations of PFCAs and PFSAs between the
aeration tank and secondary clarifier.

Composition

The composition of PFCAs and PFSAs in each sample is
shown in Fig. A3 in the Accessory publication. The profile of
PFCAs and PFSAs in the gas-phase was different at the two
sampling sites. At the aeration tank, PFHXA was dominant
(29%), followed by PFOA and PFBA (both ~19%). The
contributions of the remaining compounds were 10% (PFPA)
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and lower. Samples from the secondary clarifier were dominated
by PFBA (48%), followed by PFPA (15%) and PFOS (11%).
The contributions of the remaining compounds were below 9%.
These results indicate that the different treatment processes
of the wastewater at the WWTP caused different air emission
signatures for the PFCAs and PFSAs. However, in general,
PFOS and the short chain PFCAs (C4—Cg) were the dominant
compounds in the gas-phase at both the aeration tank and the
secondary clarifier, whereas the contribution of the longer chain
PFCAs (Cy—C,4) was very low (<3%). PFOS was also dominant
among the PFCAs and PFSAs in the particle-phase (~91% of
>_PFCA & PFSA) at both sites. The next dominant PFCA and
PFSA after PFOS was PFOA (3% at the aeration tank and 5% at
the secondary clarifier), followed by PFHxS, PFHxA and PFDA
(each >0.5%). The dominance of PFOS and PFOA on atmo-
spheric particles has been reported in the literature!'*; however,
the dominance of PFOS as observed in this study was not
previously observed or reported. The dominance of PFOS
(and PFOA) in particles might reflect the pattern of PFCs used
in industrial and consumer products.*'*?

Comparisons with other measurements

Chemical ratios are sometimes used to compare or differen-
tiate sources. In the current study the ratio of PFOS and PFOA,
i.e. PFOS/PFOA, observed at the WWTP could be compared
with other locations to gain some sense of whether the WWTP as
a point source could be contributing substantially to the broader
contamination of the atmosphere. The ratio PFOS/PFOA in the
gas-phase from the WWTP (0.4-2.1) was in the same range as
the ratio from an urban area (0.5),!"”) which suggests a possible
contribution of the WWTP to urban air or at least that the source
for urban air is similar. However, for the particle-phase, PFOS/
PFOA was more than 100 times higher at the WWTP (42-50)
compared with an urban area (0.3).!"” This may indicate that the
particle-phase signature at the WWTP is a localised or short-
lived source.

Most literature reports of PFCAs and PFSAs focus on the
particle-phase exclusively. For instance, Dreyer et al. reported
S"PFCA and Y PFSA concentrations in the particle-phase in
Germany of 1.0 and 1.3 pgm > respectively.!*** These con-
centrations are one to three orders of magnitude lower compared
with concentrations at the WWTP in this study. In a study from
New York State, PFCAs and PFSAs were measured in the gas
and particle-phase.“gl These concentrations (i.e. Y Ce,Cio
PFSA & C; 1> PFCA 8.0 and PFOS 2.3 pg m )" were also
one to three orders of magnitude lower compared with the
present study (210 and 3600 pgm > at the aeration tank and
110 and 1000 pgm > at the secondary clarifier).

In summary, the measured concentrations of PFSAs and
PFCAs at the WWTP were greatly elevated compared with
other studies, even for urban areas. This highlights the impor-
tance of WWTPs as point-source emitters of these compounds to
the atmosphere.

Correlations of atmospheric concentrations
with sampling parameters

The influence of various meteorological and particle parameters
(e.g. ambient air temperature, TSP and particle OC content) on
PFC air concentrations were investigated.

Air temperature, which ranged from —0.2 to 12.5°C during
high volume sampling, showed a positive correlation for FOSEs
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and FOSAs in the gas phase, i.e. MeFOSA and MeFOSE
(P<0.05). This is likely owing to greater evaporation of these
compounds at higher temperatures. However, other PFCs did
not exhibit this correlation. It is likely that evaporation from
wastewater is governed more by the temperature of the waste-
water (versus the air temperature) which is much less subject to
variability. A positive correlation of the PFC concentration with
the air temperature was found previously™*; however, owing to
a weak correlation, it was assumed that other factors may have
also had an influence.**

The OC contents of the particles from the two sites were
not significantly different (4.0 = 1.1% OC at the aeration tank,
n=7,and 3.3 £ 0.9% OC at the secondary clarifier, n = 7; r-test
P =0.2) and no correlation with atmospheric PFC concentra-
tions were found. The TSP concentration was significantly
higher at the aeration tank (120 +29 pg m >, n=12) in com-
parison to the secondary clarifier (75 20 ugm >, n = 12, -test
P<0.001) but again no correlation with atmospheric PFC
concentrations were found. The higher TSP concentration above
the aeration tank is likely the result of aerosol generation and the
release of wastewater particulates to air.

Particle-gas partitioning

The percent on particles for the various target PFCs is sum-
marised in Fig. 3. This was calculated as the concentrations in
the particle-phase (in picograms per cubic metre) divided by
the sum of concentrations in the gas and particle-phase
(in picograms per cubic metre) and multiplied by 100. There was
no substantial difference in particle—gas partitioning of target
compounds collected at the aeration tank versus the secondary
clarifier and so average values are represented in Fig. 3.

Of the target PFCs, the FTOHs showed the smallest particle-
phase percentages that were typically less than 10%. Particle
bound fractions for FTOHs found during ship-based measure-
ments for 8:2 FTOH and 10:2 FTOH were higher compared
with results from the present study (up to 23%,2%1 26% for 8:: 2
FTOH and 15% for 10:2 FTOHP?)),

Particle-phase percentages increased for MeFOSA and
EtFOSA (~19 and ~15% respectively) and were even higher
for MeFOSE, EtFOSE and PFOSA (38-70%). Other studies
showed lower particle-phase percentages from land-based mea-
surements (i.e. MeFOSA & EtFOSA <10%, EtFOSE 14%*),
whereas ship-based measurements were similar to the results
for the WWTP (i.e. MeFOSA & EtFOSA ~15%,1*) MeFOSE
30%,1%% EtFOSE 57%").

The PFSAs had the highest particle associated fractions with
almost 100% bound on particles. PFCAs were also mainly
particle-associated and this increased generally according to
chain length as: PFBA (~64%) ~ PFPA (~68%)<PFHxA
(~78%) <PFHpA (~80%) <PFOA (~86%) ~ PFNA (~88%)
<PFDA (~95%) > PFUnDA (~89%) > PFDoDA (~80%) <
PFTDA (~100%). This pattern is likely owing to the decrease in
vapour pressure (which favours the condensed state) with
increasing chain length for the neutral forms of PFCAs.3637]
Only one study is available for comparison with these results.
Particle-phase percentages reported for New York State were
60% for PFHpA, 40% for PFOA and PFNA and 30% for PFDA,
PFDoDA and PFOS.!"”) Moreover, the shorter chain PFCA,
PFHpA, had the highest particle-bound fractions and the longest
chain PFCA, PFDA, had the lowest particle-phase fractions.'”]
At this time, we have no explanation for these contradictory
results.

[19]
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(pgm"") (n=2) and gas-phase from active air sampling (pg m?) (n=12). The dashed line

represents perfect agreement.

Comparison of active v. passive sampling techniques

It is interesting to compare the gas-phase air concentrations
from the intermittent high volume samples against the
time-integrated concentrations derived using the passive
samples. Differences can be expected for several reasons:
(i) differences in the sampling time, i.e. the high volume
samples were collected on two consecutive days each week
and represented ~29% of the time that was sampled by the
continuous and time-integrating passive samplers. Thus, high
and low air concentration episodes that could offset the true
time-integrated air concentrations might not have been cap-
tured by this 29% of the time window; (ii) although passive
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samplers better cover the entire duration of the study, there is
greater uncertainty with these derived concentrations owing to
uncertainties in the sampling rates; (iii) collection of particles
on the SIP disks is known to occur**) and this may result in an
overestimate of the gas-phase concentration for compounds
that are particle-associated (this issue is discussed further,
below); and (iv) general analytical errors that contribute to
uncertainties.

Despite these potential uncertainties and confounding fac-
tors, the agreement between gas-phase concentrations derived
from high volume samples v. SIP disk passive air samples was
fairly good as shown in Fig. 4 with detailed results presented in

91



A3 Paper 3 particle-gas partitioning WWTP

RESEARCH FRONT

Table 1. The concentrations differed by a mean factor of 1.5 for
FTOHs, 0.96 for FOSAs, 0.85 for FOSEs, 1.1 for PFHXS, 24 for
PFOS and 0.8 for PFCAs.

Sampling artefacts

Previous laboratory investigations have shown that PFCAs may
adsorb to filters (GFFs and quartz fibre filters (QFFs)) and
therefore particle-phase concentrations derived from sampling
techniques using GFFs and QFFs could be overestimated.’*”!
The results of the present study and the comparison of active
versus passive samples provides some insight into this issue.
PFCAs and PFSAs were found predominantly in the particle-
phase. However, the presence of PFCAs in the gas-phase and the
good agreement between gas-phase concentrations using high
volume sampler and passive air sampler concentrations indicate
that this sampling artefact has a relatively minor influence on the
gas-phase concentrations. However, we acknowledge that the
high concentrations of target compounds at the WWTP may not
provide the best conditions for detecting this artefact. It may be
more important at lower air concentrations.

Particle-phase sampling by the SIP disks is another ‘artefact’
that complicates the comparison of results from high volume
samples and from SIP disks. It has been shown that the SIP disk
sampling chamber allows ~10% of the ambient particles to be
sampled and so the SIP disk is not just a gas-phase passive
sampler.*™) The net effect is demonstrated well by the results
for PFOS (see Fig. 4). In the high volume samples, the PFOS
particle-phase air concentrations are more than two orders of
magnitude larger than the gas-phase concentration. The air
concentration derived from the SIP disk passive air samples,
which represents mainly the gas-phase and ~10% of the particle-
phase,[38 fall somewhere in between. In this case the 10% of
ambient particles that are sampled by the SIP disk outweigh the
gas-phase contribution. More studies are required to further
elaborate and quantify particle-phase sampling by passive
samplers and sorption artefact for filters.

Conclusion

This study demonstrates the importance of WWTPs as point
sources of PFCs to the atmosphere. The aeration process
in particular is shown to be a key emission process for both
gas-phase and particle-associated PFCs. Aerosol-mediated
transport is believed to account for the higher amounts of
particle-associated PFCs in air near the aeration tank. This
pathway is likely also to be important in open water bodies as
aerosols are generated and released to air via sea spray and wave
action. Passive and active samplers are shown to be comple-
mentary and comparable air sampling approaches for PFCs.
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Recoveries
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Atmospheric concentrations

Composition in air samples. 17

Chemicals

Methanol (LC-MS grade, OmniSolv >99.99%), acetone (OmniSolv 99.84%), petroleum ether
(OmniSolv), dichlormethane (OmniSolv >99.96%), iso-octane (2,2,4-Trimethylpentane Omni-Solv
>99.97%), water (OmniSolv) and ammonium acetate (min. 97%) were purchased from EMD. Anhydrous
sodium sulfate were purchased from Fischer Scientific, supelclean EnviCab from Supelco and glacial
acetic acid (99.7+%) from Alfa Aesar. The water (OmniSolv) was cleaned using Oasis WAX cartridges

(Waters) to remove possible contaminations. Methane, nitrogen and helium were purchased from Linde.
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Table A2. Internal standards with abbreviation, chemical formula, precursor and product ion,
supplier and purity
Analyte Abbreviation  Chemical formula Precursor/ Supplier (purity)
product ion

N, N-dimethylperfluoro-1- Me,FOSA Cg¢F7SO,N(CH3), 528 Wellington Laboratories
octanesulfonamide (>98%)

2-perfluorohexyl-( 13C2)-ethanol 13C-6:2 FTOH C¢F,5"°CH,"*CD,0OH 369/331 Wellington Laboratories
(>98%)

2-perfluorooctyl-("*C,)-ethanol ~ *C-8:2 FTOH CyF,;"*CH,"CD,OH 469/497  Wellington Laboratories
(>98%)

2-perﬂu0rodecyl-('3C2)-ethanol 13C-10:2 CyoF2°CH,"*CD,0OH 569/531 Wellington Laboratories
FTOH (>98%)

Methyl-d;-perfluorooctane d;-MeFOSA  CgF;SO,NHCD; 517 Wellington Laboratories
sulfonamide (>98%)

Ethyl-ds-perfluorooctane ds-EtFOSA CgF7SO,NHC,Ds 533 Wellington Laboratories
sulfonamide (>98%)

Methyl-d;-perfluorooctane d;-MeFOSE ~ CgF;SO,NCD;C,D, 547/565  Wellington Laboratories
sulfonamido ethanol (>98%)

Ethyl-do-perflourooctane dy EtFOSE CgF,SO,NC,Ds C,D,OH 581 Wellington Laboratories
sulfonamido ethanol (>98%)

Perfluoro-1-hexane-('*0,) 0,-PFHXS  C¢F5S[*0,]0 403/103  Wellington Laboratories
sulfonate (>98%)

Perfluoro-1-("3Cy)-octane BC,-PFOS  C4F[1,2,3,4-°C4)- 503/99  Wellington Laboratories
sulfonate FsSO,0 (>98%)

Perfluoro-n-(">C,)-butanoate BC-PFBA  2,3,4-BCF,”CO0 217/172  Wellington Laboratories
(>98%)

Perfluoro-n-("*C,)-octanoate BC#PFOA  C4F[2,3,4-°C5]-F¢*COO™  417/372  Wellington Laboratories
(>98%)

Perﬂuoro-n-('3C5)-nonan0ate 1 Cs-PFNA C4F9[2,3,4,5-13 Cyl- 468/423  Wellington Laboratories
F¢*CO0O~ (>98%)

Perfluoro-n-("*C,)-decanoate BC,-PFDA  CsF,,"°CF,"*CO0O™ 515/470  Wellington Laboratories
(>98%)

Perfluoro-n-( 13Cz)-undecanoate BC,-PFUnDA  CoF "> CF,"*COO 565/520  Wellington Laboratories
(>98%)

Perﬂuoro-n-('3C2)-dodecanoate BC,-PFDoA  C;oF,"CF,*C0O0O~ 615/570  Wellington Laboratories
(>98%)

Perﬂuoro-n-('SCg)-hexanoate BC,-PFHXA  C4Fy"*CF,"C00" 315/270  Wellington Laboratories
(>98%)

Perfluoro-1-("*Cy)-octane BCe-PFOS  C4Fo[1,2,3,4-5Cy)- 507/80  Wellington Laboratories
sulfonate FsSO,0™ (>98%)

Perﬂuoro-n-(”Q)-octanoate BCe-PFOA C4F9[2,3,4-'3C3]-F6”COO’ 421/376  Wellington Laboratories

(>98%)
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Instrumental analysis

Table A3. Temperature program for the GC oven

Rate Value Hold time Run time
(°C min™") (°C) (min) (min)
Initial - 60 2 2.00
Ramp 1 2 70 0 7.00
Ramp 2 8 120 0 13.25
Ramp 3 10 220 0 23.25
Table A4. Eluent gradient for HPLC
Time H,O + 10 mM NH4OAc MeOH + 10 mM NH,OAc
(min) () (%)
0.01 50 50
1.0 45 55
2.0 40 60
3.0 25 75
4.0 20 80
5.0 15 85
10.0 15 85
10.1 5 95
15.0 S 95
15.1 25 75
15.6 50 50
20.0 50 50
Page 5 of 19
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Instrumental detection limits

Table AS. Instrument detection limits (IDLs) (expressed as picograms and picograms per cubic
metre) were calculated by extrapolating instrument response in blank samples to a concentration
that would give a S/N value of 3

Reporting of IDLs in units of picograms per cubic metre was done using an average air volume of

142 pg m™ for PUF/XAD/PUF cartridges and GFFs and compound-specific air volumes for SIP disks

PUF/XAD/PUF GFFs SIP disks

Name IDL IDL IDL

(Pg)  (pgm’)  (pr)  (pgm)  (pg)  (pgm>)
6:2 FTOH 88 0.61 100 0.73 96 0.60
8:2 FTOH 110 0.77 72 051 96 0.60
10:2 FTOH 71 0.50 81 0.57 58 0.36
PFOSA 0.79 0.01 0.55 0.001 1.4 0.01
MeFOSA 59 0.42 17 0.12 110 12
EtFOSA 36 0.25 7 0.16 19 0.20
MeFOSE 110 0.74 96 0.67 70 13
MePFOSEA 58 0.41 70 0.49 63 12
EtFOSE 150 1.1 58 0.41 89 1.8
PFBS 1 0.08 12 0.09 20 0.14
PFHxS 22 0.02 0.83 0.01 1.3 0.01
PFOS 53 0.05 1.8 0.01 43 0.03
PFDS 1.6 0.01 0.89 0.01 2.7 0.02
PFBA 0.79 0.12 9.2 0.06 27 0.19
PFPA 17 0.10 11 0.08 6.8 0.05
PFHxA 15 0.04 31 0.02 3.6 0.03
PFHpA 5.8 0.05 8.3 0.06 42 0.03
PFOA 6.5 0.01 42 0.03 8.6 0.06
PFNA 2.1 0.01 29 0.02 27 0.02
PFDA 2.0 0.02 26 0.02 1.4 0.01
PFUNDA 26 0.02 26 0.18 5.7 0.04
PFDoDA 3.0 0.04 3.8 0.03 43 0.03
PFTDA 5.9 0.01 25 0.02 1.6 0.01
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Concentrations in blank samples and limits of detection

Table A6. Mean concentrations =+ s.d. and LOD (3 s.d.) (in parentheses) in blank samples for the
different air sample media (n =5 for PUF/XAD/PUF cartridges, n =7 for GFFs and n = 2 for SIP
disks)

Asterisks denote where half of the instrument detection limit (IDL, see Table A5) was used for

compounds not detected in blank samples. In these cases LOD could not be calculated and IDL was used

100

instead of LOD
Compound PUF/XAD}/PUF GFFs SIP disl}(s
(pgm™) (pgm>) (pgm™)
6:2 FTOH 0.3 (0.61)* 0.4 (0.73)* 0.7+0.6(1.8)
8:2 FTOH 3.1+£2.6(7.8) 0.3 (0.51)* 7.1+0.6 (1.8)
10:2 FTOH 49+1.3(3.9) 1.8+ 1.1(3.3) 43+0.6(1.8)
PFOSA 3.9+£2.1(6.3) 45+24(7.2) 2.0+0.1(0.3)
MeFOSA 3.5+0.5(1.5) 3.1+04(1.2) 3.8+0.8(2.4)
EtFOSA 0.4+0.2 (0.6) 0.2+0.1(0.3) 0.1+0.1(0.3)
MeFOSE 3.7+4.2(13) 1.6+ 1.6 (4.8) 0.5+0.4(1.2)
MePFOSEA 0.2 (0.41)* 0.3 (0.49) 0.5+0.4(1.2)
EtFOSE 4.4+4.6(13.8) 0.6+ 1.1(3.3) 0.7+0.5(1.5)
PFBS 0.04 (0.08)* 0.04 (0.09)* 0.07 (0.14)*
PFHxS 1.1 +0.47 (1.4) 0.28 £0.03 (0.09) 0.30+0.09 (0.27)
PFOS 42+1.8(54) 64+59(18)  7.04+1.06(3.2)
PFDS 0.01 (0.01)* 0.03+0.02 (0.06)  0.01 (0.02)*
PFBA 7.1+5.7(17) 22 442 (125) 14+ 11 (33)
PFPA 34+42(13) 6.7+ 13 (39) 1.6+1.8(5.4)
PFHxA 1.2+0.3(0.9) 0.84+03(0.9)  1.1+0.22(0.66)
PFHpA 1.4£0.5(1.5) 22+2.8(84) 1.2+0.03 (0.09)
PFOA 5.6+ 2.0 (6.0) 2.1+0.81 (2.4) 11+£2.7(8.1)
PFNA 0.95+046(1.4)  0.48+0.10(0.3) 0.65+0.08 (0.24)
PFDA 0.86 + 0.15 (0.45) 0.95+£0.34 (1.0) 0.71£0.01 (0.03)
PFUnDA 1.3+0.27 (0.81) 54+£96(29)  1.2+0.23(0.69)
PFDoDA 0.71 + 0.05 (0.15) 1.2+0.82(2.5) 0.63+0.03 (0.09)
PFTDA 0.004 (0.01)* 0.13+0.14 (0.43)  0.01 (0.01)*
Page 7 of 19
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Recoveries

Table A7. Mean recoveries (%) (£s.d.) of internal standards (IS) in the different air sample media
(n =12 for PUF/XAD/PUF cartridges and GFFs, n = 4 for SIP disks)

PUF/XAD/PUF Cartridges GFFs SIP disks
IS Aeration tank  Secondary clarifier ~ Aeration tank  Secondary clarifier (%)
(%) (%) (%) (%)
BC-6:2 FTOH 18 +23 59+1.8 94+28 9.7+2.1 64+1.0
13C-8:2 FTOH 75+8.5 67.5+8.7 47+ 12 49+ 6.6 66+ 8.6
13C-10:2 FTOH 98 + 14 100 + 18 56+ 10 58+6.2 110 + 14
d;-MeFOSA 72+13 80 + 21 80+9.2 81+6.3 99+ 11
Ds-EtFOSA 84+94 91+ 19 85+ 9.6 85+ 6.7 100 + 12
d,-MeFOSE 220 +39 200 + 47 130 + 24 130+ 11 230 + 46
Dy-EtFOSE 230 + 37 220 + 48 150 £ 25 130 £ 15 230 + 61
"*0,-PFHxS 120 + 37 120+ 39 62+23 54+ 14 310 + 40
13C,-PFOS 78 + 20 79 + 20 37+ 11 38+8.3 75+5.2
C,-PFBA 150 + 53 180 + 96 36+39 36+8.5 160 + 64
C,-PFHxA 130 + 240 140 + 32 63+ 1 67+ 16 240 + 50
13C,-PFOA 83 + 220 92417 47+69 49+ 10 73+7.1
3Cs-PFNA 66 =22 67+ 15 39+73 44+ 10 34+04
3C,-PFDA 59 +27 54+ 14 51+£9.0 57+ 13 27423
"*C,-PFUnDA 43425 38+ 14 52411 62+ 15 25+6.4
"C,-PFDoDA 27 £20 21+ 11 47499 55+15 18 +4.0
Page 8 of 19
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Composition in air samples
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Fig. A1. Composition of FTOHs in the gas phase (top) and the particle phase (bottom) at the aeration tank (left)
and the secondary clarifier (right). FTOH concentrations at the secondary clarifier were below the IDL for 6:2 FTOH
and 8:2 FTOH.

Page 17 of 19

110



A3 Paper 3 particle-gas partitioning WWTP

©CSIRO 2011 Environ. Chem. 2011, 8, 363-371. doi:10.1071/EN10133_AC
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Fig. A2. Composition of FOSAs and FOSEs in the gas phase (top) and the particle phase (bottom) at the aeration
tank (left) and the secondary clarifier (right). In the gas phase in sample 12 at the secondary clarifier all compound

except of PFOSA were below the IDL.
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Fig. A3. Composition of PFCAs and PFSAs in the gas phase (top) and the particle phase (bottom) at the aeration

tank (left) and the secondary clarifier (right). The particle phase concentrations of PFOS in each sample (~90% in

average) are not shown.
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On page 11036 of the paper "Assuming that 100 kj is kw, [...]" is incorrect. Correct is "Assuming that
ka is 100 kw, [...]".

Reprinted with permission from Environmental Science and Technology, 47, Lena Vierke, Urs Berger
and lan T. Cousins, Estimation of the acid dissociation constant of perfluoroalkyl carboxylic acids
through an experimental investigation of their water-to-air transport, 11032-11039, Copyright
(2013) American Chemical Society.
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Water-to-Air Transport
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ABSTRACT: The acid dissociation constants (pK,s) of perfluoroalkyl carboxylic acids
(PFCAs) have been the subject of discussion in the literature; for example, values from
—0.2 to 3.8 have been suggested for perfluorooctanoic acid (PFOA). The dissociated
anionic conjugate bases of PECAs have negligible air—water partition coefficients (Kyys)
and do not volatilize from water. The neutral acids, however, have relatively high K,s
and volatilization from water has been demonstrated. The extent of volatilization of pH0.3-6.9
PFCAs in the environment will depend on the water pH and their pK,. Knowledge of

Air

Water

the pK.s of PECAs is therefore vital for understanding their environmental transport and fate. We investigated the water-to-air
transfer of PFCAs in a novel experimental setup. We used ~1 ug L™' of PFCAs in water (above environmental background
concentrations but below the concentration at which self-association occurs) at different water pH (pH 0.3 to pH 6.9) and
sampled the PFCAs volatilized from water during a 2-day experiment. Our results suggest that the pK,s of C,_;; PECAs are <1.6.
For PFOA, we derived a pK, of 0.5 from fitting the experimental measurements with a volatilization model. Perfluoroalkane
sulfonic acids were not volatilized, suggesting that their pK,s are below the investigated pH range (pK, <0.3).

B INTRODUCTION

Perfluoroalkyl carboxylic acids (PFCAs with the general
chemical formula C,F,,,;,COOH) and their conjugate bases
(together referred to as PFC(A)s) are characterized by a
perfluorinated carbon chain connected to a carboxylic acid
group. The perfluorinated carbon chain of these manmade
chemicals provides unique oleophobic and hydrophobic
properties as well as extraordinary stability (no observed
degradation under typical environmental conditions)." These
properties make PFC(A)s very useful for a wide range of
different industrial and consumer product applications.”* At the
same time, their stability causes PFC(A)s to be very persistent,
and once released to the environment, they will reside there for
decades to centuries.* The widespread occurrence of PEC(A)s
in the environment is proof of their ubiquitous distribution in
different environmental media globally.~” Furthermore, some
long-chain PFC(A)s are bioaccumulative,® for example, enrich
in food chains,”'® and have toxic properties, for example,
perfluorooctanoic acid (PFOA) is toxic for reproduction.'"'>
PFC(A)s are found in remote regions,">'* but the mechanism
of their long-range transport in the environment is not yet fully
understood.'> The neutral acid and its anionic conjugate base
have different physical-chemical properties. The dissociated
anionic form has a negligible vapor pressure, is soluble in water,
and has a very low air—water partition coefficient.'® The neutral
acid has a relatively high vapor pressure'®'” and transfer from
water to air has been demonstrated."®'? As only the acid form
is expected to volatilize, the extent of volatilization of PEC(A)s

4 ACS Publications  © 2013 American Chemical Society
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will depend on the pH value of the water phase and the acid
dissociation constant (pK,). To understand the environmental
transport and fate of PFC(A)s, knowledge of the correct pK,
values is critically important.'®

The determination of pK.s for PFCAs is a challenge and has
resulted in some discussion in the literature.”*>* The
challenges in experimental pK, determination, as well as in
the measurement of other physical-chemical and environmental
partitioning properties, are due to the surfactant ;roperties of
PEC(A)s,” which make them enrich at surfaces,**** and the
self-aggregation in solution (starting with the formation of
premicelles at concentration below the critical micelle
concentration).”® Furthermore, at relatively high solute
concentrations (1 mg L™') PFOA preferably forms dimeric
clusters, which have a higher pK, compared to individual
molecules.”® Also mixed solvent systems (e.g, water and
methanol) bias the results of pK, determinations.”” The wide
range of pK,s measured for PFOA (pK, <1.0—3.8)2029262829
a reflection of these difficulties.”?**%**>° Theoretical
estimations and model calculations are similarly variable with
predicted pK,s of —0.2 to 2.9 reported for PFOA.**** For
other PFCAs only two studies reported measured pK,s (0.2 for
PFBA,* 0.31-0.85 for PFBA to PFHxA and 2.58—3.13 for

Received: June 18, 2013

Revised:  August 13, 2013
Accepted: August 16, 2013
Published: August 16, 2013
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PFDA to PFDoDA). It is unclear if these measurements of
other PFCAs were also biased by processes like dimerization or
aggregation.

The aim of this study was to better constrain the pK,s for
PFCAs by an experimental investigation of their water-to-air
transport behavior at comparatively low water concentrations
(above environmental background water concentrations but
below the concentration at which self-association occurs) and at
a range of different water pH. By better constraining the pK,
we will be able to assess the presence of the neutral acid forms
of PFCAs under environmentally relevant conditions.

B MATERIALS AND METHODS

Terminology. To make a distinction between the
protonated acid form and the dissociated anionic form of
PFCAs, we designate PFCA anions by removing the “A” from
the individual substance acronym (e.g, PFO for perfluor-
ooctanoate), maintain the original abbreviation for the acid
(e.g, PFOA for perfluorooctanoic acid), and refer to both
chemical forms using a collective abbreviation involving
parentheses surrounding the “A,” for example, PFO(A) for
combined perfluorooctanoate and perfluorooctanoic acid.®

Theory. To constrain the pK;s for PFCAs we exploited the
relationship between the pH of an aqueous PFC(A) solution
and the transfer of the neutral acid species to the gas phase.
Perfluoroalkane sulfonic acids (PFSAs) were also investigated
in the same experiment for comparison purposes because they
are structurally similar to PFCAs but are expected to have a
lower pK,.>” Furthermore, 8:2 fluorotelomer unsaturated acid
(8:2 FTUCA) was used as a (semiquantitative) reference
chemical. The pK, of 8:2 FTUCA is expected to be higher
compared to PFCAs, based on pK,s of 2.5-3.3 and 2.4—3.4
calculated with SPARC and COMO-RS for 7:2 and 11:2
FTUCA, respectively.*’

The air—water distribution ratio of an organic acid (D)
(note we use the term “ratio” and not “partition coefficient”
since there is more than one species) can be determined using
eq 1 where Ky ey i the air—water partition coeflicient of
the neutral species, pH refers to the acidity of the aqueous
solution and pK, is the acid dissociation constant of interest.*®

H—pKay—1
DAW = I<AW,neutral(1 + 107777 -‘l) (1)

An implicit assumption of this equation is that the anionic
species cannot be transported to the gas phase (i, Ky is
negligible for the anion, also suggested by Barton et al.'®). We
hypothesize that in order to get a transfer of PFCAs from the
water to the air gas phase, the pH of the water must be close to
or below the pK,. We have therefore conducted laboratory
volatilization experiments for PFCAs from water at a range of
different water pH. We monitored the amount of PFCAs lost
from the water over time and the amount transported to the
overlying gas phase. It was not sufficient to only measure the
loss of PFC(A)s from water at different pH because loss from
water can also be due to sorption to the walls of the vessels.
Knowledge of both concentrations in water and sorption to the
walls was needed to monitor the overall mass-balance in the
experimental system.

To describe the expected results of the experiments we used
an adapted version of a model (widely used in multimedia
environmental modeling”) based on two-film theory for
estimating the air—water exchange of organic solutes.”” The
model is expressed by eq 2.%°

Cwe = Cwoe_kowr/y (2)
Where Cyy, is the water concentration at time ¢ after initial
addition of the chemical (mol m™), Cyq is the initial water
concentration of the chemical (at t,) (mol m™), ko is the
overall mass transfer coefficient for water-to-air transport
(m h™'), t is the time after initial addition of the chemical
(h) and Y is the water depth (m). The only modification we
made to the original model was in the estimation of kg, which
was determined as shown in eq 3.
1
kow = ———
kv kDyy (©)

Where ky, is the water-side mass transfer coefficient (m h™")
and k, is the air-side mass transfer coefficient (m h™"). In the
original model Ky was used instead of Dy

We applied this model to estimate the losses of PECAs from
water over time in volatilization experiments conducted at
different pH. Figure 1 illustratively shows the calculated loss of
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Figure 1. Calculated loss of PFOA from water after 2 d for different
water pH (414 g mol™ molar mass, Henrys Law constant of
2.48 Pa m® mol™'® assumed pK, for PFOA of 0* or 3.8, air side
mass transfer coefficient (ky) 0.1 m h™' and water side mass transfer
coefficient (ky) 0.001 m h™, k4 and kyy are low to represent the near
stagnant conditions in the experiment”).

PFOA from water for different pH after 2 d (assuming that the
loss is caused by volatilization from water) with the model
parametrized to correspond to our experimental setup (surface
area 25 cm?, water depth 0.01 m). From Figure 1 it can be
observed that the pH at the midpoint (or turning point) of the
curve corresponds to the pK, of the chemical (in Figure 1
illustratively set at both pK, 0 and 3.8, representing the lower
and upper bound of pK,s reported for PFOA).>**"%°
Furthermore, it can be seen that the curve begins to level off
two pH units to the left and to the right of this turning point
because at these pH values >99% of the chemical is either in the
neutral form (to the left) or anionic form (to the right). The
water-to-air transfer of PFCAs should not occur at pH values of
the water >2 units above the pK.,.

Chemicals, Reagents and Solvents. The following
chemicals were selected for the experiment: perfluorobutanoic
acid (PFBA), perfluorohexanoic acid (PFHxA), perfluorohep-
tanoic acid (PFHpA), PFOA, perfluorononanoic acid (PFNA),
perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUnDA) and perfluorododecanoic acid (PFDoDA). Fur-
thermore, perfluorobutane sulfonate (PFBS), perfluorohexane
sulfonate (PFHxS), perfluorooctane sulfonate (PFOS), and 8:2
FTUCA were investigated for comparative purposes. Tables
with full names, abbreviations and suppliers of standards for all
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analytes including internal standards (IS, used for quantification
in chemical analysis) can be found in the Supporting
Information (Table S1 and S2). Except for 8:2 FTUCA,
which was dissolved in methanol, all target compounds were
available as crystalline standards and were dissolved in
methanol (LiChrosolv Merck) and diluted with water; S60
uL of that dilution contained approximately 60 4L of methanol.
The dilution was blown down with a stream of nitrogen at
37 °C until 120 uL of solvent had evaporated (60 yL methanol
and 60 uL water, determined by weighting). As methanol has a
higher vapor pressure than water and water and methanol do
not form an azeotrope, it is expected that all methanol was
removed from the final standard.

Bottled water was used for the experiments (HiPerSolv
Chromanorm VWR) and the pH was adjusted with sulfuric acid
(95—97% Sigma Aldrich). Sodium hydroxide (98.6% J. T.
Baker) solutions were prepared in water (17 mol L™") and in
methanol (2.5 mol L™).

Experimental Setup. In a first pilot experiment we
attempted to investigate the transfer of PFCAs from a spiked
water reservoir (donor solution) at a range of different pH via
the gas phase to a second unspiked water reservoir at neutral
pH (acceptor) within two connected polypropylene (PP)
vessels. At low pH the PFC(A)s were readily lost from the
donor solution but they were not recovered in the acceptor
water reservoir. However, the mass balances of the PFC(A)s
could be closed within the analytical uncertainties by
accounting for compounds sorbed to the vessel walls (both
the walls in contact with the air space above the water surfaces
and the walls in contact with the donor solution below the
surface) and compounds remaining in the donor solution. A
simpler setup with only a spiked donor solution in a capped PP-
vessel was therefore used for subsequent experiments (Figure
2). The vessel walls above the water surface in the top part of

Top part

]
PR |

Line where vessels were cut
................ r3.6cm

Filling height of (spiked) water

Bottom part

!
6.5cm

Figure 2. Diagram of the vessels used for the volatilization experiment.

the vessel served as a passive air sampler to monitor the transfer
of analytes at different pH from the water phase to the gas
phase.

A single experimental setup consisted of a rectangular PP-
vessel (100 mL, bulk dimensions 6.5 X 4.0 X 3.6 cm®) with a
screw cap filled with 20 mL water (Figure 2). The water was
adjusted to a certain pH with sulfuric acid and spiked with the
analytes (nominally 20 ng for each PFC(A) and PFS(A) and
60 ng for 8:2 FTUC(A) in 20 mL). Formation of aggregates,
which could influence the pK, of PFCAs, has been reported to
occur at concentrations >2 g L™'2%%%37 and PFOA dimers can
form at ~1 mg L7'.2% As the nominal concentrations in our
experiments were approximately 1 ug L', formation of
aggregates could be excluded. Targeted pH values were 7.0,
4.5, 3.5, 3.0, 2.5, 1.5, 0.5 and 0.0, and the actual pH was
determined with a pH meter (PHM210 Radiometer analytical,
pH —9 to 23, +0.2 pH units). It was not practical to investigate
the water-to-air transfer with the current setup at pH values <0
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because this would have required a high percentage of sulfuric
acid in the water. pH-adjusted water was prepared in glass flasks
and 19 mL (graduated pipettes) were transferred into the
vessels, while the vessel was already lying in the final position. A
1 mL aliquot of analyte solution in water was added carefully
with a pipet avoiding splashing, which resulted in a final volume
of 20 mL. The vessels were kept lying on their sides during the
entire duration of the experiment and water was not allowed to
come in contact with the vessel’s walls above the water surface.
Stirring was avoided to prevent bubble formation and the
possible formation of aqueous aerosols that could transfer the
ionic forms of PFC(A)s and PFS(A)s into the air space.”*
Therefore stagnant water is essential for the experiment.

In a second pilot experiment, we investigated the kinetics of
the transfer over 14 days with the single PP-vessel setup. The
results showed that PFC(A) and PFS(A) sorption to the walls
below the water surface did not increase significantly with time
after one day (results not shown), but the fraction of PFC(A)s
sorbed to the walls above the water surface increased up to
approximately four days (Figure S1, Supporting Information).
As the aim of this study was to compare the transfer of analytes
from water into the gas phase at different pH, a run time of two
days was chosen for further experiments and no equilibrium
conditions were needed.

Five vessels were prepared for each pH value. Two vessels
were analyzed right after setting-up the experiments (duplicate
analysis at ;) and two vessels were analyzed at the end of the
experiment after 2 days (duplicate analysis at t,). The fifth
setup was used for pH determination.

Sample Preparation. For analysis of the water in the
duplicate vessels at t; and t,, the water was carefully decanted
from the vessel into a 50 mL PP-tube, avoiding contact between
the water and the walls in the top part of the vessels. A 1 mL
aliquot of the IS solution (2 ug L™" IS for each analyte except of
6 ug L' for 8:2 FTUCA) was added to the samples followed
by NaOH to reach a pH >10 (controlled with pH-indicator
paper). This was necessary in order to prevent further sorption
or volatilization of the analytes. Subsequently 20 mL of
methanol were added, the tubes were capped, ultrasonicated for
30 min at room temperature and a 200 uL aliquot was
transferred into a PP-vial for instrumental analysis. For samples
from experiments at pH 0.0 and pH 0.5, it was necessary to
centrifuge the tubes before an aliquot was withdrawn due to the
formation of a white precipitate.

To analyze the PFC(A)s and PFS(A)s sorbed to the vessel
walls, the PP-vessels were cut with a knife (Figure 2). The walls
of the top and bottom parts of the vessel were extracted
separately by rinsing with a 1 mL aliquot of NaOH in methanol
(2.5 mol L™") and with 50 uL IS (2 pg L™" IS for each analyte
except for 6 ug L™" for 8:2 FTUCA). For instrumental analysis,
100 uL of the extract was transferred into a PP-vial containing
100 pL water. As can be seen from Figure 2, the cutting line
was a little higher than the water surface to ensure that no
PFC(A)s from the aqueous phase are sorbed to the top part of
the vessel, representing the gaseous phase. The amount sorbed
from the gaseous phase to the small surface area above the
water surface and below the cutting line was expected to be
relatively low and introduce only a small error to the mass
balance calculations.

The cutting and rinsing of each vessel was done right after
transferring the water into the tubes and adding the IS.
Therefore, exposure of the vessel to air was only approximately
2 min, minimizing contamination and loss from the vessels.
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Figure 3. Percentages of the total amount remaining in the systems at £, (found in the water and sorbed to the top and bottom parts of the vessel)
relative to f, for selected water pH (see Supporting Information Figure S3 for remaining pH values).

Instrumental Analysis and Quantification. Samples
were analyzed on a UPLC/MS/MS system (Waters Acquity
and Xevo TQ-S) using electrospray ionization. The column was
a BEH CI18 (1.7 um particles, SO mm X 2.1 mm, Waters)
operated at 65 °C. Ten percent methanol in water and
methanol both with 2 mmol ammonium acetate were used as
mobile phase at a flow rate of 0.4 mL min~". The injection
volume was 10 L. Further details are described by Vestergren
et al.*' For quantification, an eight point external linear
calibration curve was established covering a concentration
range from 0.09 to 20 ug L7! in methanol/2.5 mol L™! NaOH
in water (1:1) for all analytes but 8:2 FTUCA (r* > 0.99 for all
curves). For 8:2 FTUCA, the calibration standards had
concentrations of 0.39 to 63 ug L™" (in 1:1 methanol/water).
The IS concentrations in the calibration solutions were
constant and corresponded to the concentrations in the sample
extracts. Quantification was undertaken using the internal
standard method. Relative response factors (relative to the
respective IS) were derived from the calibration curve.

Quality Assurance. The lowest quantifiable concentrations
in the calibration standards were defined as method
quantification limits (MQLs). The MQLs were 0.09 ug L™
for all analytes except for PFB(A) (0.4 ug L™"), PFHx(A) (0.1
ug L") and 8:2 FTUCA (0.3 ug L™"). A MQL of 0.09 ug L™
corresponded to <1% of the total amount spiked into the water.
Experimental blank set-ups at pH 7.0 were run with each batch
of experiments and treated in the same way as the other set-ups
except that the analytes were not added to the water in the
blank vessels. Concentrations in all blanks (water, rinsing of top
and bottom parts of the vessels) were either not detectable or
below the respective MQLs. Final results given in this study are
always averages of the duplicate experiments for each pH.
Deviations were <20% for all analytes in the majority of
duplicates. Absolute recoveries of IS in the samples compared
to the calibration standards are given in Supporting Information
Table S3. Recoveries higher than 100% might reflect matrix
effects caused by differences in NaOH concentrations between
the calibration standards and the samples. The pH values in the
different vessels were measured six times over a period of four
days and remained constant for the duration of the experiment
(Table S4, Supporting Information).

B RESULTS AND DISCUSSION

The quantified amounts of all analytes in the individual water
samples and in the extracts from the top and bottom parts of
the vessels are given in Supporting Information Tables S5—S8.

As PFDoD(A) was not detected above its MQL in the water at
to, it was not further evaluated. It is unclear why PFDoD(A)
was not detectable. We speculate that sorption could have been
especially strong for this long-chain PFCA, resulting in both a
lower concentration in the aqueous spiking solution than the
targeted concentration and a significant sorption to the vessel
walls below the water surface already at t,. 8:2 FTUC(A) was
quantifiable only in water samples due to analytical challenges.
Detection of 8:2 FTUC(A) in the presence of NaOH was not
possible. Results are semiquantitative and are given in the
Supporting Information (Figure S2).

Mass Balances. At t), no analytes were found above their
respective MQLs in the extracts of the top or bottom parts of
the vessels. In calculating mass balances, the total amounts of
the different analytes quantified in the water phase at t, were
defined as 100% and the amounts found in the different extracts
at t, were compared to this reference. The results of the mass
balance calculations are shown in Figure 3 for selected pH
values and in Supporting Information Figure S3 for the
remaining pH values.

For PFS(A)s, the mass balances show a good agreement for
all pH values (Figure 3), indicating that no pH dependent loss
was occurring within the system. At all pH values, a small
fraction of PFOS was found to be sorbed to the bottom part of
the vessels, which was not observed for the other PFSAs.

Mass balances are negative for PFC(A)s at lower pH values
(Figure 3). The most probable explanation for this lack of a
closed mass balance is strong sorption to the vessel walls so that
the mild extraction procedure of the walls used in this study
(rinsing with NaOH in methanol) did not desorb them
quantitatively. Small amounts of PFC(A)s that could have been
present in the gas phase are not expected to account for the
missing 30—40%.

The supplier of the PFCA standards reported potential
formation of methylesters of PFCAs with methanol. We rule
out this phenomenon as explanation for the negative mass
balance, because all methanol was evaporated from the standard
mixture used for spiking and because an esterification would
also have occurred for the short-chain homologues.

Volatilization of PFC(A)s Evidenced by Sorption to
the Top Parts of the Vessels. The fraction of the total
amount found in the vessels at t, which is sorbed to the walls
above the water surface is shown in Figure 4. PFCAs were
detected in the washings from the top part of the vessels
containing water of low pH, whereas PFSAs were not detected
even at the lowest pH. We believe that these results are strong
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Figure 4. Percentage of the total amount in the system at t, sorbed to
the top of the vessels at t, as a function of the water pH.

evidence for volatilization of PFCAs at low pH, because PFSAs
are expected to have a lower EK“ and therefore volatilize at
lower pH compared to PFCAs.”’

Hydraulic transport of the PFC(A)s up the walls of the
vessels could be a plausible alternate explanation for their
detection above the water surface, but we can exclude this
explanation for two reasons: (i) PFSAs have not been detected
above the MQL in the extracts of the top parts of the vessels
(even after 14 days in preliminary tests) and PFSAs would be
expected to undergo hydraulic transport in the same way as
PFC(A)s. (ii) The fraction sorbed to the top part of the vessels
showed dependence with pH and no analytes were found in the
extracts of the top parts above the MQL at pH values >3.6,
whereas hydraulic transport would not be expected to be pH
dependent.

Using Experimental Measurements to Constrain the
Range of pK,s of PFCAs. It was shown (Figure 1) that the
pK, of PFCAs will be approximately 2 units below the pH at
which volatilization is first observed to occur. The application
of this approach to our experimental data is limited by the
analytical sensitivity and by the pH-resolution of measured data
points.

Due to these limitations, only upper limits of pK,s for all
PFCAs were derived from experimental data. The following
example explains this approach: Under an assumption of a pK,
of 0, the modeled (Figure 1) or measured curve (Figure 4) is
expected to level off and approach the X-axis at pH 2.0. At pH
2.0, the model estimates (assuming a pK, of 0) <1% of PFOA
to be present in the gas phase. For the experiment, this would
mean a concentration <MQL sorbed to the top part of the
vessels. At the next lowest pH where measured data are
available (in our study pH 1.6) >1% of PFOA is expected to be
in the gas phase based on model results, which would lead to
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quantifiable amounts at the top part of the vessels in the
experiment. In analogy model results for a pK;, of 3.8 (Figure 1)
would result in <1% in the gas phase at pH 5.8, >1% at pH 5.0
in our experiment. On the basis of this theory, the lowest pH in
our experiment where no sorption to the top part of the vessel
was found minus two units was used to estimate the upper limit
of the pK, of the respective PFCA.

Within the experiment, no sorption of any of the PFC(A)s to
the top of the vessels was observed for pH 6.9, 5.0, and 3.6.
Therefore, the pK;s for all investigated PFCAs are estimated to
be <1.6.

Some of the PECA homologues showed sorption to the top
part of the vessel at pH 3.1 (PFNA and PFDA), whereas others
were only found at lower pH. This would theoretically allow to
further constrain the upper limit of the pK, for these
homologues. However, due to some measurement uncertainties
we chose a conservative approach by setting an estimated upper
limit of the pK, to 1.6 for all investigated PFC(A)s.
Furthermore, it should be noted that branched isomers of
PFC(A)s can be present in the system. A branching at the C-
atom next to the acid group is expected to lead to a higher pK,
compared to the straight chain homologue.* Branching at
other positions has been theoretically estimated to have no
influence on the pK, compared to straight chain PECAs.?

Derivation of pK, for PFOA by Fitting Experimental
Data with a Volatilization Model. The least-squares method
was used to fit data from the model described in eqs 1—3 to the
experimental results for PFOA. K,y, k,, and k, were needed as
input parameters. We used a Dy o of 1.02 * 1073 for PEO(A)
as input to the model (pH 0.6, 20 °C)."® For other PFCAs,
only theoretical Kyys of unknown accuracy were available,®*
and therefore a fit of modeled data to measurements was
performed for PFO(A) only.

To compare model results (% loss from water to air) with
measured data (% sorbed to top), it was assumed that in the
experimental set-ups the whole amount of PFOA that was
transferred from water to air was sorbed to the top part of the
vessel. The fraction sorbed to the top at t, of the total amount
in the system at f, can be compared to modeled data. The
model does not account for sorption to the vessel walls below
the water surface. As this fraction was low in our experiments
the influence is expected to be negligible.

The value for k, is typically about a hundred times higher
than kyy, because diffusion of chemicals in air is much faster than
diffusion in water.>® Assuming that 100 k, is k,, it is possible to
adjust k, until a good fit is found between the model and
experimental results for PFO(A). k, is the more sensitive of the
two mass transfer coefficients as volatilization is air-side
controlled.

Fitting the data of the model to the experimental data for
PFOA (Figure S4, Supporting Information) resulted in a pK, of
0.5 and a k, of 0.12 m h™". The value of k, is about 100 times
lower than usually used to model volatilization of chemicals
from lakes,* but a low value could be expected since the air
and water in the experimental set-ups was relatively stagnant.

Comparison with pK,s Reported in the Literature. The
pK, of PFOA derived with the model fit in the present study
(pK, 0.5) is in the range of other theoretical estimates.
COSMOS-RS estimated a pK, of 0.7*° and COSMOtherm a
pK, of 0.8* and 0.9** for PFOA. Experimentally determined
pK.s for PFOA at the lower end of the reported range are
between <1.0 and 1.3%%?%* and are therefore slightly higher
than the result from our experiment, but still within reasonable
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agreement. Higher pK.s for PFOA reported in the literature
(2.8%% and 3.8™°) have been attributed to (i) the presence of
methanol in the experimental systems,”” (ii) the aggregation of
hydrophobic PFOA in solution®**3® (as noted by Cheng et
al,”® PFO aggregation should have the opposite effect) and (iii)
the formation of a stable (PFO),H™ cluster.”® Cheng et al2
observed no evidence for self-association or cluster formation at
low, environmentally realistic PFOA concentrations (of 2 nM
or ~0.8 ug L™"). As the concentrations of PFOA used in this
study were ~1.0 ug L' and methanol was removed from
solution, it is not expected that pK, will be subject to the
previously observed experimental artifacts. In previous experi-
ments concentrations were in the range of 400 yg L™' to 40 g
L71.2025262829 Our experimental setup could be used in future
experiments to further investigate different artifacts, that is, by
studying a range of water concentrations.

For the other investigated PFCAs, much less literature data
are available for comparison. For PFBA, Henne and Fox»
reported a pK, of 0.2. A study by Moroi et al*® reported
experimental pK,s for PFBA (0.32), PFHxA (0.85), PFDA
(2.58) and PFUnDA (2.61). The results for PEBA and PFHxA
are in agreement with the upper limit derived in our study (pK,
<1.6), whereas published results for PFDA and PFUnDA are
clearly higher. This discrepancy between our estimates and
those reported by Moroi et al.* for PFDA and PFUnDA might
be a results of self-association in the solubility method at
concentrations of approximately 40 mg L™" used for the longer
chain PFCAs (note that they used a titration method at
concentrations of 2—40 g L™ for determining the pK,s of the
short-chain PFCAs).>®

Implication for the Environmental Fate of PFC(A)s.
Under neutral conditions (pH 7.0), 3 X 107°% of total species
would be present in the protonated form for an acid with a pK,
of 0.5 and 4 X 107*% for a pK, of 1.6. At lower pH (e.g, pH
5.0), which will be relevant under some environmental
conditions, the fractions would be 0.003% (pK, 0.5, pH 5.0)
and 0.04% (pK, 1.6, pH S5.0). Fractions of the protonated acids
in aqueous media under typical environmental conditions are
therefore <0.1% for the pKs estimated in this study. The pK,s
derived are therefore so low that the uncertainty in their precise
values does not make much difference for the fraction of the
acid in aqueous phases under environmental relevant
conditions.

PFC(A)s, and also PFS(A)s, were previously detected in
sample media which reportedly represented the atmospheric
gas phase using different sampling techniques at different
locations.**™** Possible sampling artifacts were investigated and
discussed in several of these studies.***® The strong sorption of
PFCAs from the gas phase to (PP-)surfaces in our experiment
is in line with the sorption of gaseous PFCAs to glass fiber
filters during air sampling as shown by Arp and Goss.*
Whereby for the glass fiber filters the sorption mechanism was
suggested to be adsorption,*’ sorption to the PP-vessels is likely
a combination of ad- and absorption. The relative importance
of the two sorption mechanisms for sorption of PFCAs to the
PP-vessels is unknown. Furthermore, crystalline PFOA in a
glass bottle has also been shown to be transferred from the
solid phase to the gas phase (sublimed) followed by
resublimation on the walls of the bottle.’® This sublimation
and resublimation indicates an equilibrium process between
solid and gaseous PFOA and such an equilibrium process
between gaseous and sorbed PFCAs can be expected in our
study and in the environment as well.

Our results did not show any transfer of PESAs from water to
the gas phase. Sampling of ultrafine particles on passive
samplers,” on gas-phase sample media in high volume samplers
after passing through the filter (e.g, <1 um) or enriched in
denuders* could be responsible for findings of gas phase
PESAs in other studies and also bias the results of real gas phase
PFECAs. Even if PECAs and PFSAs are not present in the gas
phase, it does not preclude long-range transport in the
atmosphere. Particles in the so-called “accumulation mode”
(0.1-2.5 ym) have a relatively long atmospheric lifetime®' and
thus PFC(A)s (and PFSAs) sorbed to these ultrafine particles
would be transported long distances.

Previous studies have also investigated the water to air
transfer of PFC(A)s and PFSAs. Kaiser et al.'” reported transfer
of PFOA from stirred water into a stream of nitrogen at pH
much higher than in our experiment (pH 7.0 and 5.6). Even if
turbulence was minimized during stirring'” aerosol mediated
transfer from water to air”**> could be an explanation for these
observations. In our experimental set-ups the vessels were
stationary, the water was not stirred and therefore liquid aerosol
formation was not expected to occur. Under natural conditions,
however, including in wastewater treatment plants or also by
stirring water in a laboratory experiment, formation of liquid
aerosols can be expected and has been demonstrated.**

Further investigations of potential sources of atmospheric
PFCA, such as direct atmospheric release from manufacturing
sites and waste incineration, resuspension of aerosol associated
PFCAs and precursor degradation, are needed. Atmospheric
degradation of fluorotelomer alcohols (FTOHs),*® perfluor-
oalkane sulfonamides,** perfluoroalkane sulfamidoethanols>®
and fluorotelomer iodides (FTIs)* was shown to lead to the
formation of gaseous PFCAs. Levels of PFC(A)s in
precipitation could not be explained by atmospheric degrada-
tion of a few well-known precursors in a model calculation, but
there are likely many other precursors present in the
atmosphere that can degrade to form PFCAs.**” Under-
standing the mass balance of PFCAs (sources and sinks) in the
atmosphere is an important ongoing area of research.
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1. Names and abbreviations of standards and internal standards

Table S 1: Abbreviations and names of analytes including the suppliers and purity for

crystalline standards. 8:2 FTUCA was dissolved in methanol.

Abbreviation | Name Supplier Purity
PFBA Perfluorobutanoic acid Aldrich 99 %
PFHxA Perfluorohexanoic acid ABCR 98 %
PFHpA Perfluoroheptanoic acid Aldrich 99 %
PFOA Perfluorooctanoic acid ABCR 98 %
PFNA Perfluorononanoic acid Aldrich 97 %
PFDA Perfluorodecanoic acid Fluka >97 %
PFUnDA Perfluoroundecanoic acid Aldrich 95 %
PFDoDA Perfluorododecanoic acid Aldrich 95 %
PFBS Perfluorobutane sulfonic acid | Dyneon (potassium salt) unknown
PFHxS Perfluorohexane sulfonic | Interchim (potassium salt) 98 %
acid
PFOS Perfluorooctane sulfonic acid | Fluka (potassium salt) >98 %
8:2 FTUCA | 2H-Perfluorodecanoic acid Wellington Laboratories unknown

Table S 2: Names, abbreviations and suppliers of mass-labeled internal standards (IS).

Abbreviation | Name Supplier
MPFHxS' Perfluoro-1-hexane-['*O,]sulfonic acid
Perfluoro-1-[1,2,3 ,4-13C4]octane sulfonic

MPFOS acid

MPFBA Perfluoro-n-[1,2,3,4-"°C,]butanoic acid

MPFHxA Perfluoro-n-[1,2,-"*C,]hexanoic acid Wellingtqn
MPFOA Perﬂuoro-n-[l,2,3,4-I3 (|334]octanoic z.icid . %&l;)(g;a\tgr-leMsX A)
MPFNA Perfluoro-n-[1,2,3,4,5- “Cs]nonanoic acid

MPFDA Perfluoro-n-[1,2-">C,]decanoic acid

MPFUnDA | Perfluoro-n-[1,2-"*C,Jundecanoic acid
MPFDoDA | Perfluoro-n-[1,2-">C,]dodecanoic acid

Wellington
MPFHpA Perfluoro-n-[l,2,3,4-'3C4]heptanoic acid | Laboratories
M8&:2 2H-Perfluorooctyl-[1,2-"°C;]-decanoic Wellington
FTUCA acid Laboratories

" MPFHxS has also been used as IS for PFBS.
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2. Quality assurance
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Table S 3: Absolute recoveries of IS in different samples compared to the calibration

standards (averages + standard deviation, in %, n = 35).

Name Water Top Bottom

PFBA 184 +42 122 +26 125 +£26
PFHxA 128 +27 124 + 45 127 £ 36
PFHpA 132 £25 128 + 30 129 + 30
PFOA 123 £27 126 + 34 124 + 35
PFNA 137 £25 135+ 30 133 +29
PFDA 116 +£21 116 +24 113 £25
PFUnDA 133 +£32 124 + 35 111 +36
PFDoDA 182 +53 158 + 46 143 £50
PFHxS 117+ 13 115+ 13 101 £ 17
PFOS 117+ 19 111+20 95 +22
8:2 FTUCA 51 £ 90| not analyzed | not analyzed

Table S 4: Nominal and measured pH over an experimental period of four days.

Measured
Nominal | (+ standard dev.; n = 6)
0 0.32+0.01
0.5 0.73 +£0.01
1.5 1.59 +0.01
2.5 2.57+0.01
3 3.07 £ 0.01
3.5 3.64+0.01
4.5 4.99 +0.04
neutral 6.90 + 0.05
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3. 14-days time series for sorption to top part of vessel at pH 0
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Figure S 1: Fraction (in % of amount in the standard used for spiking) sorbed to the top part

of the vessel at certain time points at pH 0 (semi-quantitative, analytical method not fully

optimized).
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5.8:2 FTUC(A) as a reference chemical

Figure 4 shows the fraction of the total amount found in the vessels at t0 that was found in
water at t2 for 8:2 FTUC(A) compared to PFC(A)s. The loss of 8:2 FTUC(A) from water
compared to the loss of PFC(A)s from water shows that 8:2 FTUC(A) is already lost from water
at higher pHs (3.5 - 5) and that the loss is leveling off at lower pHs (<3). It can be concluded that
the system is showing different results for chemicals with different pK,'s indicating that the

results are influenced by the pK,.

160 O PFB(A)
N
& 140 CIPFHX(A)
5 42
T F
. APFHp(A)
C
o 80 OPFO(A)
¢ 60 X PFN(A)
40 ¢
t X PFD(A)
20
" +PFUND(A)
0 2 p4H B 8 @s:2FTUC(A)

Figure S 2: Percentage of 8:2 FTUC(A) (semi-quantitative) and PFC(A)s remaining at t2
(relative to the total amount in the system at t0) plotted as a function of the water pH. Lines

represent a polynomical fit for the data point of each analyte.
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6. Mass balances

OTop M Bottom

O Water

150 —

OWater OTop MBottom

SO4d

SXH4d

Sg4d

" (v)aun4d

' (v)add

' (V)N4d

" (v)04d

' (v)dH4d

N1 W51 Wl N Lt A 1R

-

' (V)XH4d

_HTIIWW,] (v)add

s . PpH3.64

o wn O un
o N N N

i
1180140 %

o

SO4d

SXH4d

| Sg4d

pH 4.9

(v)aunid

ﬁ%, (v)add

- (V)N4d

' (v)04d

- (v)dH4d

' (V)XH4d

' (v)94d

150

125

_
:
o
S N~ n
i

23180130 %

o

OTop M Bottom

O Water

OTop M Bottom

pH 3.07

O Water

SO4d

-

SXHd4d

| Sg4d

(v)aundd

' (v)add

I +_H (VIN4d

' (v)04d

|

' (v)dH4d

' (V)XH4d

' (v)gdd

150

12s 4l pH159 ||

100 -+ [

[ |
[ |

71180140 %

_
_

o

| S04d

SXH4d

| Sg4d

(v)aundd

' (v)add

w (V)N4d
”1 (v)odd

| (v)dH4d

| ()XH4d

' (v)g4d

150

125 A

11803140 %

o

OWater OTop MBottom

pH 0.7

| 504d

SXHd4d

S94d
' (v)aundd
' (v)add
- (V)N4d
' (V)04d

' (V)dH4d

- (V)XH4d

' (v)94d

150

125 A

[ |

[ |

—]
o wn o N
o ~ wn o~
i

1180140 %

o

Figure S 3: Percentages of the total amount remaining in the systems at t2 (found in the water

and sorbed to the top and bottom parts of the vessel) relative to the amount at t0 for selected

water pHs.
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7. Model fit for PFOA
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Figure S 4: Least square fit of modeled results to measured data for PFOA. Calculated loss from

water after two days (dashed line, in %) and measured fraction sorbed to the top part after two

days (dots, in % of amount found at t0) plotted against the pH of the water.
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Abstract

Background: Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are the most investigated
substances of the group of per- and polyfluorinated chemicals (PFCs). Whereas for PFOS regulatory measures are
already in force on international level (inclusion in Stockholm Convention on Persistent Organic Pollutants) such
activities are missing for PFOA. The environmental concerns of PFOA, which are summarized in the present study,
underline the necessity of regulatory measures on an international level for PFOA. Since it seems more likely to
agree on a regulation within the European Union first, a regulatory strategy based on the European chemicals
regulation REACH (EC No. 1907/2006), is discussed in the present study.

Results: PFOA is persistent in the environment, ubiquitous present in surface waters, and subject to long-range
transport. It accumulates in biota, especially in top predators. PFOA is increasingly analyzed in food items, and in
drinking water. PFOA’s intrinsic properties such as its persistency (P), its potential for bioaccumulation (B) and its
toxicity (T) suggest that PFOA is a promising candidate for being identified as a Substance of Very High Concern
(SVHC) under REACH. Because of the dispersive occurrence of PFOA in the environment, the presence in imported
products, and the use of PFCs, which can degrade to PFOA in various consumer products, a restriction under
REACH seems to be the most effective regulatory measure to minimize human and environmental exposure to
PFOA in the European Union.

Conclusion: Due to its intrinsic properties, PFOA fulfills the REACH PBT-criteria. The next regulatory step will be the
identification of PFOA and its ammonium salt (APFO) as SVHC according to REACH and the addition to the REACH
Candidate List. As a second step, a restriction proposal will be prepared to include both substances and precursors

into REACH Annex XVII.

polyfluorinated chemicals

Keywords: PFCs, PFCAs, PFO, PFOA, APFO, REACH, SVHC, Candidate List, Restriction, Regulation, Per- and

Background

Per- and polyfluorinated chemicals (PFCs) are emerging
pollutants of the 21* century. These man-made chemi-
cals have been produced since the 1950s. Due to their
outstanding properties — they provide water, oil, and
grease repellency and are very stable — certain PFCs have
been used in a variety of consumer products. A number
of studies are available reporting the occurrence of these
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chemicals in all environmental media as well as in humans
[1-4]. In total, according to an OECD survey, the group of
produced and used PFCs consists of more than 600 com-
pounds [5]. They are characterized by a fully (per-) or
partly (poly-) fluorinated carbon chain in connection with
different functional groups. Two compounds from the
PFC family are well known: Perfluorooctane sulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA). PFOS has
recently been identified as a persistent organic pollutant
(POP) and was included into Annex B of the Stockholm
Convention on Persistent Organic Pollutants [6]. For
PFOA only some national measures exist worldwide for
the time being. For example, the Environmental Protection

© 2012 Vierke et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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Agency of the United States (US-EPA) agreed with eight
fluoropolymer and -telomere manufacturers on a PFOA-
stewardship program in 2006 [7]. The first goal of the
agreement was a 95 % emission reduction of PFOA, its
precursors, and related higher homologue chemicals until
2010 using the emission data of the year 2000 as a base-
line. The second goal is the elimination of these chemicals
by 2015 [7]. Canada prepared a risk management scope
for PFOA and long chain PFCs in 2010 [8] and a draft
screening assessment for PFOA, its salts, and its precur-
sors [9]. The scope is currently under revision. Canada has
an agreement with industry to work on the elimination of
PFOA residuals from products sold in Canada [10]. In
Europe some national regulatory activities are present for
PFOA, i.e. the ban of PFOA from consumer products in
Norway from 2013 on [11]. In Germany recommended
maximum concentrations for drinking water are available
[12,13]. A Europe-wide regulation is missing so far.

The aim of this paper is (i) to summarize the concerns
of PFOA from an environmental point of view, (ii) to
assess whether PFOA is a persistent, bioaccumulative and
toxic (PBT) substance according to the European Chemi-
cals Regulation (REACH EC No. 1907/2006), and (iii) to
illustrate a strategy to phase out PFOA in the EU using
REACH. It is not the aim of this paper to be a review. In
parts only selected studies and exemplary studies are
mentioned, which are helpful to support the intention of
the study. Additionally, further information needs are
formulated.

In the following the abbreviation PFOA (CAS. No.
335-67-1) refers to the acid PFOA (Figure 1) as well as
to the conjugate base perfluorooctanoate (PFO). Both
species are in equilibrium, whereas the fraction of each
species depends on the pH of the environmental media
and the pK, of PFOA. The general relationship of pH
and pK, is given by the Henderson-Hasselbalch equation
[14]. In the literature pK, values in the range of -0.2 to
3.8 are discussed for PFOA [15,16]. Therefore, under
normal environmental conditions (i.e. pH 7) more than
99 % is present as conjugate base PFO. In environmental
and human samples, generally, PFO is measured. How-
ever, in most cases PFOA is documented for these sam-
ples in the literature. Only in cases where it is important
to distinguish between both of the PFOA-species and

FFFFFFF o
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Figure 1 Structure of PFOA.
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where species specific knowledge is available it is clearly
indicated that either the acid PFOA or the conjugate
base PFO is meant in the following.

Furthermore, PFOA is used and produced as ammo-
nium salt (APFO) (CAS. No. 3825-26-1). APFO is highly
soluble and dissociates in the environment under the for-
mation of PFO. Again, when analyzing samples concerning
their APFO content usually PFO is measured. In the litera-
ture the concentrations are referred to as PFOA or APFO
in most cases. For a better understanding of the present
study, the term PFOA stands for APFO and PFO as well.

There are other salts of PFOA available as well, ie.
sodium salt, potassium salt and silver salt. These salts are
not included in the present paper due to a lack of physico-
chemical data and other studies up to the present.

Results and discussion

Uses and sources of environmental exposure

PFOA has been mainly used as polymerization aid in the
manufacturing of fluoropolymers and in aqueous fluoro-
polymer dispersions, which are used for paints, photo-
graphic film additives and in the textile finishing
industry [17,18]. Furthermore, PFOA has been used in
aqueous fire fighting foams [17,18].

Telomerization and electrochemical fluorination (ECF)
are procedures which have been applied to produce
PFOA as well as other PFCs [19]. With a radical reaction
all hydrogen atoms are replaced with fluorine in the ECF
process. The more common production process now-
adays is the telomerization. Here, perfluorinated iodides
(PFIs) are used as starting point for the formation of
PFOA. Since other PFCs are also produced by applying
the telomerization process, PFOA might be present in
the final product as an unintended by-product or a resi-
due [19]. Whereas the ECF process results in both linear
and branched isomers the telomerization process results
in linear isomers only.

From 1951 to 2004 the estimated total global production
of PFOA and APFO was 3600 — 5700 t [18]. Latest data on
production volumes are rare. As a result from the US-EPA
stewardship program and further activities to substitute the
substance in many uses, production of PFOA decreased
significantly at least in Europe and North America. Partly,
this is documented in annual progress reports of the US
EPA stewardship program [7]. For the time period from
2005 to 2050 480 — 950 t of total PFOA emissions are
estimated [20]. Results of an OECD survey, which was,
however, not answered by all PFOA manufacturers and
users, showed that PFOA as well as its ammonium salt was
manufactured in four countries in 2008, whereas masses in
products are <5.5 t [17].

Although the production volume of PFOA is relatively
low in industrialized countries, it is still detected in a
number of consumer products. Especially in products
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with water, dirt, and grease repellent properties like trea-
ted carpets (0.2 to 6 mg kg™' PFOA [21]), outdoor jack-
ets (0.08 to 0.6 mg kg~' PFOA [19]), and impregnating
agents (up to 3.6 ug mL™" PFOA [22]) PFOA was found.
For example in Norway the import of articles was figured
out as main source since there is no manufacturing and
use of PFOA itself. Carpets, coated and impregnated
paper, textiles, paint and lacquer (12 kg, 1.3 kg, 0.5 kg and
1 kg annual maximal PFOA emission in Norway,
respectively) have been identified as a potential source
for PFOA in Norway [19].

Some PFCs can degrade to PFOA under environmen-
tal conditions. Those precursor compounds are within
this study defined by a carbon chain of at least seven
perfluorinated C-atoms connected to different functional
groups. Examples for those precursors are fluorotelomer
alcohols (FTOHs) [23], Polyfluoroalkyl Phosphoric Acid
(PAPs) [24] and polyfluorinated iodides (PFIs) [25].
These compounds are also present in consumer pro-
ducts, i.e. up to 52 pg mL™" 8:2 FTOH in impregnating
agents [22].

The fact that PFOA and its precursors are present in nu-
merous consumer products indicates wide and dispersive
sources of the compounds into the environment. Moreover,
during the production of fluoropolymers and fluoroelasto-
mers, PFCs can be released into the environment [18]. Dur-
ing the whole life cycle of products containing these
compounds, starting with the manufacturing, including the
use and ending with the disposal, PFOA and its precursors
might be emitted into the environment. Detection of PFOA
and precursors in wastewater treatment plant (WWTP)
effluents [26] as well as in air emitted from WWTPs
[27-29] give further evidence for the wide dispersive use
of PFOA and precursors. Households are one possible
source for PFOA and its precursors in municipal
WWTPs. Additionally, landfills emit PFOA with their
leachates [30] or release these substances into the at-
mosphere [29,31].

Concerns about PFOA from an environmental point of
view

There are different reasons which show that the releases of
PFOA and APFO into the environment are of concern
(Table 1). Most of the concerns are related to the environ-
mental persistence of PFOA. PFOA is not expected to
undergo biotic or abiotic degradation in the environment.
Tests under laboratory conditions prove the suspected
environmental persistence as no degradation was observed
[32]. Besides these laboratory tests also monitoring data
confirm the persistence of PFOA. For example, PFOA was
found in groundwater close to a former fire-training area
years after the last use of PFOA containing fire fighting
foams on this area [33]. Additionally, its high water-
solubility (especially of the conjugate base PFO)
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characterizes the fate of PFOA in the environment: the
aqueous phase is one major pathway for the occurrence
and the distribution of PFOA in the environment. Various
measurements and studies showed that PFOA is ubiqui-
tously present in oceans and other surface waters [2,34-36].
The formation of deep ocean water is discussed as a poten-
tial sink for PFOA [2]. Sources of PFOA into oceans are
rivers and atmospheric deposition. The distribution of
PFOA in aqueous media is also of concern when the long-
range transport potential of the substance is examined. For
example, findings of PFOA in remote areas like the Arctic
or the Antarctic give evidence for the long- range transport
potential, because PFOA is not known to be used or pro-
duced in these regions. Mainly two transport pathways are
discussed: (a) Transport of PFOA in ocean currents and (b)
transport of precursors in the atmosphere. Precursors are
then degraded to PFOA [18]. The contribution of these two
transport pathways to the occurrence of PFOA in remote
regions is still under discussion [20,56,57]. Furthermore,
transport of PFOA bound on particles, i.e. directly emitted
from industrial facilities [58] or emitted from oceans is pos-
sible as well [18]. Even the transfer of PFOA from particles
into the gas phase [59] and the detection of PFOA in the
gas phase [28] were shown. Because of the low vapor pres-
sure of the conjugate base PFO only the acid PFOA is
expected to be present in the gaseous phase [59,60].

The occurrence of PFOA in biota of remote regions is
another topic of concern. It was shown that PFOA accu-
mulates in food webs and findings in top predators are
reported [4]. PFOA is toxic for reproduction (Cat 1B) and
has carcinogenic potential (in accordance with opinion of
Risk Assessment Committee of the European Chemicals
Agency (ECHA), [61,62]). Furthermore, PFOA has a long
residence time of 3.5 years in human blood and is present
in breast milk [63,64]. One exposure pathway for humans
is nutrition [65]. For example in fish, meat, and vegetables
PFOA has been found in low levels [46,66]. The PFOA
load of these food items results most probably from envir-
onmental concentrations in water and biota. Also the
transfer of PFOA from soil into plants [67], i.e. after appli-
cation of PFOA contaminated sewage sludge on fields, or
the migration from food packages can be a source for
PFOA in food [46]. Another potential human exposure
pathway is the occurrence of PFOA in drinking water
[48,68]. In cases where surface waters are used for the pro-
duction of drinking water, PFOA is not effectively removed
by common purification methods [69]. Therefore, the oc-
currence in surface waters is of concern from a human
health point of view as well.

It has to be kept in mind that the precursors contribute
to the exposure of PFOA to humans and the environment,
additionally [24,25,54]. Biotic as well as abiotic degradation
of those precursors does occur and partly results in the
formation of PFOA [70]. Especially indoor air contains up

137



A5 Paper 5 PFOA concerns and regulatory developments

Vierke et al. Environmental Sciences Europe 2012, 24:16 Page 4 of 11
http://www.enveurope.com/content/24/1/16
Table 1 Summary of concerns about PFOA under environmental aspects
Concern Exemplary data from the literature which prove the concern Ref.
Environmental persistence no degradation observed [32]
Findings and distributions n.d. - 3640 ng L~' PFOA in river water [2]
RERR S 0.4 -16 ng L™' PFOA in lake water
two orders of magnitude higher concentrations in coastal areas
compared to open ocean waters
15 = 192000 pg L' PFOA in oceans [35]
flux of 14 t PFOA per year from rivers into oceans in Europe [37]
1.2 g PFOA daily mass load from a WWTP (Germany) into a river [38]
< MDL - 204 ng L™' PFOA in a river (USA) [39]
< LOD - 10.7 ng L' PFOA in a river (China) [40]
Long-range transport and up to 34 ng g~' ww PFOA in polar bears [1]
Singdwgs b bemase:raglons <LOD - 1.2 PFOA ng g~" ww in fish from the Arctic
nd. - 0.14 ng g~' ww PFOA in seabirds from the Arctic
nd. - 1.6 ng g~' ww PFOA in whales from the Arctic
044 - 1.4 pg m™ in atmospheric particles from the Arctic
13.1 = 520 pg L™" in snow of ice caps from the Arctic [41]
<30 - 182 pg L™ in surface waters from the Arctic
Findings and accumulation 13-27ng g ww PFOA in waterbird liver [42]
Wy food webs snc fop pradators increasing concentrations in polar bears, 0.6 — 14 pg kg™ [43]
in 1990 and 11.8 - 17.6 ug kg™' in 2006
43 ng g~' ww in blood plasma of dolphins [4]
up to 6.2 ng g~ ww in arctic ringed seal liver [44]
<LOQ - 45 pg kg~' PFOA in liver and < LOQ - 74 pg kg™’ [45]
PFOA in muscle tissue of wild boars
Findings in food 26 ng g~' PFOA in roast beef [46]
0.74 ng g~' PFOA in pizza
36 ng g~' PFOA in microwave pop corn
<025 -44ng g~ ww PFOA in edible fish [47]
Findings in drinking water up to 519 ng L™" PFOA (Germany, after use of [48]
contaminated soil improver)
03 -63ng L' PFOA in tap-water (Spain) [49]
<0.2-0.7 ng L' PFOA in bottled water
1.0 - 29 ng L™' PFOA (ltaly) [50]
065 - 25 ng L™' PFOA (Norway) [51]
mean 23 ng L™' PFOA (Germany) [13]
up to 13.3 ug L™ PFOA in wells close to a fluoropolymer production facility [52]
<05-97ng L' PFOA (Australia) [53]
Precursors in the environment 27 pg m™> 82 FTOH in the atmosphere of the Northern Hemisphere [54]
7.8 pg m~ 82 FTOH in the atmosphere of the Southern Hemisphere
8.1 — 174 pg m™> 8:2 FTOH in indoor air of residential houses [55]
79 — 209 pg m ™~ 82 FTOH in stores selling outdoor equipment
47 - 200 ng g~' PAPs in wastewater treatment plant sludge [24]
3-82 pg L' perfluorooctyl iodide (PFOI) in ambient air [25]
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to 10— 20 times higher concentrations of these substances
than outdoor air, i.e. FTOHs [55,71-73].

In conclusion, the described concerns about PFOA cir-
cumstantiate the impact of the exposure of humans via
the environment, which is known as man via environ-
ment exposure. From a regulatory point of view these
concerns raise the question whether PFOA is a Sub-
stance of Very High Concern (SVHC) under REACH.
SVHC are substances which for example have persistent
(P), bioaccumulative (B) and toxic (T) properties. The
available data on PFOA need to be compared with the
PBT-criteria defined in REACH.

Assessment of PFOA and APFO fulfilling the PBT-criteria
for Substances of Very High Concern under REACH

In Annex XIII of the REACH regulation criteria for the
identification of PBT-substances are defined. These cri-
teria will be used in the following to assess whether
PFOA is a PBT-substance. The relevant criteria and the
corresponding PFOA properties are summarized in
Table 2.

Assessment of persistence

In general, persistence is defined by measured half-lives
for the environmental compartments water, sediment, and
soil. The numerical values for minimum half-lives in water
are 60 days in marine waters, and 40 days in freshwater,
180 days in marine sediment, and 120 days in freshwater

Table 2 PBT-assessment of PFOA
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sediment, as well as 120 days for the soil compartment. At
least one of these values must be exceeded to fulfill the
criteria for persistent substances under REACH.

Due to the stability of PFOA it is, in general, challen-
ging or even impossible to measure its half-life. Never-
theless, some studies are available showing that no
abiotic or biotic degradation was observed [74-78]. The
atmospheric half-life of PFOA derived by analogy from
short-chain perfluorinated carboxylic acids is 130 days
[90]. For hydrolysis a half-life greater than 92 years is
reported based on observations of the APFO concentra-
tion in buffered aqueous solutions [32]. Taking all the
information together, PFOA does not undergo abiotic or
biotic degradation under environmental conditions.
Therefore, PFOA is considered to fullfil the persistence
criteria of REACH.

Assessment of the bioaccumulation potential

The numerical criterion under REACH defining that a
substance is bioaccumulative is a bioconcentration factor
(BCF) in aquatic species higher than 2000. For PFOA
only BCFs far below 2000 were measured in bioconcen-
tration studies using fish and other aquatic species and
an exposure route via the surrounding water [32]. Bio-
accumulation factors (BAFs) were determined from field
measurements. Compared to BCFs, BAFs take all pos-
sible routes of exposure into consideration, whereas the
BCF excludes dietary uptake. Reported BAFs were also

Relevant criteria for the identification of PFOA Concerns of PFOA Reference
as PBT-substances (Extract of Annex XlII of the
REACH regulation)
P DT50 (marine water) > 60 d No measurable half-lives available [74-78]
DT50 (fresh or estuarine water) > 40 d because of the high persistence
DT50 (marine sediment) > 180 d
DT50 (fresh or estuarine sediment) > 120 d
DT50 (soil) > 120 d
B BCF > 2000 BCF 1.8 - 27 [79,80]
Bioaccumulation in terrestrial and aquatic species BAF 0.04 - 29 [9,42,81-88]
Biomagnification in the food chain, i.e. biomagnification 2BMF (marine) 0.02 — 125
or trophic magnification factors (BMF, TMF) BMF (terrestrial) 0.9 — 11
TMF (marine) 0.3 - 13
TMF (terrestrial) 1.1 = 2.4
Analysis of human body fluids or tissues, such as blood, < 0.15-025pg L in breast milk [89]
milk, or fat
Elevated levels in biota, in particular in endangered up to 34 ng g'] ww in polar bear livers m
species or in vulnerable populations
T Long-term no-observed effect concentration (NOEC)< 001 mg L™ chronic toxicity, i.e. 30 d-NOEC= [32,61]

Classification as carcinogenic (category 1A or 1B), germ cell mutagenic
(category 1A or 1B), or toxic for reproduction (category 1A, 1B, or 2)

(according to EC No 1272/2008)

Other evidence of chronic toxicity, i.e. specific target organ toxicity after
repeated exposure (STOT RE category 1 or 2) (according to EC No

1272/2008)

100 mg L™' for Pimephales promelas
Repr. 1B

STOT RE 1
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far below 2000 [42,81-83]. There is no defined threshold
value for BAFs in Annex XIII of REACH, but taking into
account the BCF threshold, again the numerical criterion
for bioaccumulation of Annex XIII is not fulfilled.

For assessing the bioconcentration data the high water
solubility of PFOA could be the reason for the effective
excretion of PFOA by fish via gill permeation, facilitated
by high water throughput. Therefore, it is not surprising
that no BCF > 2000 is reported in the literature for PFOA
and it is also the reason, why several authors came to the
conclusion that PFOA does not bioaccumulate in aquatic
organisms [79]. However, this possible excretion pathway
does not exist for air breathing animals [91,92] and there-
fore bioconcentration values in fish may not be the most
relevant endpoint to consider.

Also, octanol-water partition coefficients (Kow) can be
taken into consideration under REACH to assess the
bioaccumulation potential of a chemical. To the best of
our knowledge there are no measured Koy values avail-
able for PFOA. Only estimates for the neutral PFOA
acid are reported [93,94]. However, if this Koy for the
neutral PFOA is applied to environmental conditions,
where also PFO is present, the pK, is needed [95]. As
the pK, is, as already outlined above, subject to broad
discussion, it should be avoided to assess the bio-
accumulation potential of PFOA in the environment
based on not yet assured properties.

Annex XIII of the REACH regulation was revised in
March 2011 (Commission Regulation (EU) No. 253/
2011). For assessing the bioaccumulation potential of a
substance the criteria were expanded to include more
recent findings with respect to biomagnification, bio-
accumulation in terrestrial species, concentrations in
human body fluids, etc. [96]. However, this weight of
evidence evaluation needs expert judgment, since there
are no hard, i.e. quantitative, definitions of these new
criteria. To the best of our knowledge the new criteria
were up to now not used for the assessment of chemi-
cals under REACH.

Information that PFOA bioaccumulates can be drawn
from biomagnifications factors (BMFs) and trophic magni-
fication factors (TMFs). Both of them are related to con-
centrations in predator/prey relationships, whereas TMFs
take into consideration a food web. Generally, factors
higher than one indicate accumulation. Studies report
TMFs or BMFs greater than one, indicating bioaccumula-
tion of PFOA. For example studies on dolphins [97] and
caribou [84] clearly show that PFOA is bioaccumulative to
a certain degree. Moreover, for the food chains walrus
(liver)/clam, narwhal (liver)/Arctic cod, and celuga (liver)/
Arctic cod the BMFs are above one, respectively, indicating
bioaccumulation [98]. Also for a Canadian Arctic marine
food web (sediment and different organisms (macroalgae,
bivalves, fish, seaducks, and marine mammals)) a TMF
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larger than one was reported. Even after protein-
normalization, the TMF value was greater than one [97].

BMFs between 0.9 and 11 were calculated in the terres-
trial food chain of lichen, caribou, and wolf, living in the
remote Canadian environment, indicating bioaccumula-
tion. Furthermore, calculated TMFs were greater than one,
indicating trophic magnification, too [84].

Field studies are complex and therefore difficult to
judge concerning their reliability. Each of the field stud-
ies has its drawbacks due to sample collection in differ-
ent years, the sampling of body tissues and fluids
instead of whole body or uncertainty of prey constitu-
tion etc. and may not be considered as a standalone
proof for the bioaccumulation potential of PFOA.
Nevertheless taken together all studies their results can
be considered overall conclusive. The weight of evi-
dence of these studies suggests that PFOA can biomag-
nify in the food chain as indicated by biomagnifications
factors and trophic magnification factors larger than
one.

Also the detection of PFOA in human body fluids,
such as blood, milk and fat, can be used as additional in-
formation to assess whether PFOA is a bioaccumulating
substance as defined in Annex XIII of the REACH regu-
lation. PFOA has been found in human blood from all
around the world [99]. In addition the following obser-
vations are of relevance: Five to eight times higher levels
have been found at locations, where people had been
exposed to PFOA contaminated drinking water indicat-
ing accumulation in the blood compartment [100,101].
Time trend studies show that PFOA levels are signifi-
cantly associated with the time being exposed to PFOA,
i.e. during work as a ski waxer [102-104]. And recent
studies strongly indicate that PFOA levels increase with
age [105,106]. Elimination half-lives of PFOA in humans
of 3.5 [64] or 3.26 [107] years indicate the bioaccumula-
tion potential of PFOA.

Occurrence of PFOA in endangered species and in vul-
nerable populations can be used in accordance with
Annex XIII of the REACH regulation to assess the bio-
accumulation properties of a substance as well. Because
polar bears live in remote regions where no direct PFOA
source is known, detection of PFOA in polar bears indi-
cates the uptake from the surrounding environment [1].

In conclusion, a number of data are available demon-
strating the bioaccumulation potential of PFOA especially
in air breathing animals. Moreover, the detection in
human body fluids of the general population together with
long elimination half-lives is of very high concern. Add-
itionally, it is of special concern that PFOA biomagnifies
in endangered species or vulnerable populations as shown
by the findings of PFOA in polar bears. Thus, it can be
concluded that PFOA is a bioaccumulative substance in
accordance with Annex XIII of the REACH regulation.
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Assessment of toxic and eco-toxic effects

Toxic substances under REACH are those with no-
observed effect concentrations (NOECs) below 0.01 mg i
or substances classified as being carcinogenic, muta-
genic or toxic for reproduction for humans according to
regulation EC No 1272/2008. These criteria for toxic
substances are defined in Annex XIII of the REACH
regulation.

The acute and toxic effects of PFOA to fathead min-
now (Pimephales promela) have been analyzed [32]. The
threshold value of Annex XIII is not met. The same was
observed for aquatic invertebrates [32].

In March 2010 Norway submitted a proposal for the
harmonized classification and labeling of PFOA and
APFO in the EU. In December 2011 the Risk Assess-
ment Committee of the ECHA came to the conclusion
that classification according to regulation EC No. 1272/
2008 for PFOA is Repr. 1B and STOT RE 1 [61]. In
agreement with the Annex XIII of the REACH regula-
tion the category for reproduction toxicity and specific
organ toxicity after repeated dose fulfill the toxicity
criteria.

Conclusion on PBT-assessment

PFOA clearly fulfills the P and T criteria of REACH Annex
XIIL For the B-criterium a weight of evidence approach
mainly based on field studies investigating the accumula-
tion of PFOA in different food webs results in the conclu-
sion that PFOA is a bioaccumulative substance in
agreement with REACH Annex XIII. Therefore, PFOA is
considered to fulfill the PBT-criteria as defined in REACH.
Because of the dissociation of PFOA as well as APFO
under environmental conditions the results for PFOA can
be transferred to APFO. Hence, APFO fulfills the REACH
PBT-criteria, too.

Strategy for regulation of PFOA under REACH

The REACH regulation provides different options for
regulatory measures [108]. The PBT-properties of PFOA
and APFO in combination with its different source are ex-
ceptionally of the PFOA case. (Figure 2) needs to consider
both parts to protect the environment.

Identification as substance of very high concern (SVHC)
and addition to the REACH-Candidate List

PFOA and APFO fulfill the PBT-criteria under REACH,
which is one possible requirement for a substance to be
identified as a SVHC according to REACH, Art. 57d.
The identification of SVHC is based on the intrinsic
properties of the substances mainly. From a human
health point of view PFOA and APFO also fulfill the cri-
teria for the classification as toxic for reproduction (Art.
57¢). The next step is to identify the SVHC-properties of
PFOA and APFO according to a formal process defined
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in REACH. Therefore, Germany and Norway are prepar-
ing a proposal assessing the PBT-properties of PFOA
and APFO in detail. Subsequently to the submission to
ECHA this proposal is open for public consultation. Fi-
nally, the Member State Committee, which is established
with the ECHA, needs to identify the SVHC-properties
of PFOA according to Art. 59. Once PFOA and APFO
are identified as SVHC ECHA will include the sub-
stances into the Candidate List — the list of substances
proposed for authorization. This process will start in
2013.

The identification of PFOA and APFO as SVHC in the
EU might indicate to states outside of the EU the need
to minimize risks, and might also be a starting point for
other regulatory measures on national or international
level. Furthermore, this might be a strong signal to man-
ufacturers and downstream users to replace PFOA and
APFO. Authorization is the foreseen instrument in the
REACH regulation to control the risks of SVHC. Once
PFOA and APFO are included in the Candidate List they
could be included into Annex XIV of the REACH regu-
lation. Following inclusion into this Annex, manufac-
turers, importers and downstream users would not be
allowed to use or to place these substances as such on
the European market without an authorization of any
single use. Risk control, good functioning of the internal
market, and the replacement of SVHC by substitutes are
aims of the authorization. Assuring the safe use of the
substances, manufacturers, importers and downstream
users can apply for authorization using the substances
on its own, in a mixture or in an article.

The following three reasons make the instrument of
authorization ineffective to control the emissions of PFOA
in the environment and the environmental exposure: (i)
PFOA and APFO themselves are produced and imported
into the EU in decreasing amounts. (ii) Consumer articles
containing PFOA, i.e. textiles, are partly imported into the
EU and authorization does not apply for imported articles.
(iti) Also precursors contribute to the presence of PFOA
into the environment. However, precursors of SVHC are
not included in the substance definition and therefore
won't be included into Annex XIV. Therefore, the contri-
bution of precursors and residues in (imported) articles to
the environmental exposure of PFOA is not addressed by
the authorization instrument. If an authorization based on
the intrinsic properties of a substance is coming into ef-
fect, a restriction based on the same risk will not be
possible.

Restriction

An option to regulate manufacturing, placing on the
market or use of a substance on its own, in a mixture or
in an article is the inclusion into Annex XVII of the
REACH regulation (Restriction, Art. 67). A restriction
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Instrumentsunder
REACH

Consequences

Starting position
PFOA is of concern for the environment
PFOA fulfils the criteria of a PBT substance

Inclusionin the
candidate list

Reasons:

* Instrinsic properties of concern
(PBT) identified

*Inclusion of precursors possible

Also, consumers can ask for this information.

Identification: Substance of very high concern (SVHC)
Notification: ECHA has to be notified about the use of the
substance if it is manufactured or imported in volumes > 1tat
Information: Manufacturer has to provide information on the
safe use of the substance to its downstream users, if itis
presentin an article > 0.1 % .

Usual way for PFOA not appropriate, because:
* Precursorsare notincluded

*Inclusion of imported articles
possible
« dispersive sources

Inclusion in Annex
XV

I
: * Imported articles are not included
U

Authorization: Manufacturer, importer or downstream
user shall not place the substance on the market for a
use or use the substance himself unless he has been
authorized.

2" step

Inclusion in Annex
XVII

Restriction: The substance on its own, in a mixture or
in an article shall not be manufactured, placed on the
market or used unless it complies with the conditions
of the restriction.

Figure 2 Strategy for regulation of PFOA under REACH.

might also include residue limits for PFOA and its pre-
cursors in articles. For PFOA and APFO as PBT-sub-
stances this seems to be appropriate to reduce the
environmental PFOA concentrations effectively, because
especially the residues in articles need to be controlled
successfully. As also precursor compounds contribute to
the environmental exposure with PFOA, these com-
pounds need to be included in the restriction as well. To
decide how an effective restriction needs to be designed
more information about the residues of PFOA in articles
and mixtures are necessary. Furthermore, relevant pre-
cursors need to be identified and included in the restric-
tion. When suggesting a restriction, information about
possible substitutes is essential: Some substitutes are
already known but not much is known about their prop-
erties and their long-term effects. A restriction of PFOA,
its salts, and its precursors under REACH is envisaged
by Germany and Norway and will be initiated in 2013.

Conclusion

This study demonstrates that PFOA and APFO are PBT-
substances and promising SVHC candidates according to
REACH. Hence, PFOA and APFO need to be added to
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the REACH Candidate List. This step alone does not
minimize exposure effectively and does not address the
concerns of PFOA appropriately. A restriction for produc-
tion, placing on the market and/or use of PFOA and
APFO in certain articles and mixtures is, therefore, neces-
sary as a follow-up. For the future a regulatory process be-
yond the European level is required to achieve a global
protection of humans and the environment from PFOA
exposure. Since there are numerous different PFCs manu-
factured and used worldwide, the intrinsic properties of
other PFCs need to be evaluated in future, too. Especially,
their fate and behavior in the environment has to be mon-
itored to find out if further regulatory measures are
needed.

Methods

Literature review and analysis of data obtained in the re-
view were performed to achieve the aim of the study.
Furthermore, interpretation of the REACH regulation
was necessary. For that reason, also a workshop with
experts from different EU-member states, the EU-Com-
mission and the ECHA was hosted in Dessau-RofSlau
(Germany) in November 2011.
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ECF: Electrochemical fluorination; FTOHSs: Fluorotelomer alcohols;

Kow: Octanol-water partition coefficient; NOEC: No-observed effect
concentration; PAPs: PAPs: Polyfluoroalkyl Phosphoric Acid; PBT: Persistent,
bioaccumulative and toxic; PFCs: Per- and polyfluorinated chemicals; PFls: Per
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Evaluation and Authorization of Chemicals; SVHC: Substance of Very High
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