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Summary

Summary

Polyfluorinated organic compounds (PFC) are a widely used class of chemicals combining
both hydrophobic and oleophobic properties. They are applied as stain repellents of paper,
carpets and textiles, in aqueous film forming foams, for polymer production, and as
emulsifiers in pesticides. However, some PFC, particularly perfluorinated carboxylates
(PFCA) like perfluorooctanoate (PFOA) or perfluorinated sulfonates (PFSA) such as
perfluorooctane sulfonate (PFOS), are extremely persistent and bioaccumulative. Others, such
as fluorotelomer alcohols (FTOH) are volatile and prone to long range atmospheric transport.
Furthermore, these volatile substances were identified as PFCA and PFSA precursors. Thus,
PFC are considered as an emerging class of environmental pollutants.

In this PhD thesis, several analytical methods were developed for the determination of PFC in
different matrices applying gas chromatography-mass spectrometry (GC-MS) for detection of
FTOH and ultra performance liquid chromatography- time of flight mass spectrometry
(UPLC-TOF MS) for the detection of FTOH, PFOA and PFOS. For the determination of
FTOH concentrations in air, the suitability of semipermeable membrane devices (SPMD) as
passive air samplers was evaluated. For this purpose, extractions using acetonitrile, n-hexane,
methanol, or ethylacetate combined with purification by several solid phase extraction
adsorbents (C-18, C18-E, Carboxen) were assessed. Field and laboratory experiments were
conducted, to investigate the partitioning of FTOH between SPMD and air. It was observed
that FTOH are generally able to pass the SPMD membrane. However, FTOH partitioning to
SPMD was hampered at environmentally relevant concentrations. Additionally, SPMD were
compared to sorbent impregnated polyurethane foam (SIP) disks acting as passive samplers
and to high volume active sampling (high vol) within an interlaboratory comparison study.
During this study, FTOH were only detected occasionally in SPMD, whereas they were
present in all SIP and high vol samples confirming the limited applicability of SPMD. 8:2
fluorotelomer alcohol (8:2 FTOH) air concentrations determined during three sampling
periods were between 38 and 59 pg m™ and 10:2 fluorotelomer alcohol (10:2 FTOH) air
concentrations were between 5 and 13 pg m™. The conducted sampler comparison study was
used to calculate the first SPMD sampling rates for FTOH. For 8:2 FTOH, an average
sampling rate of 0.81 m® d”' was observed whereas for 10:2 FTOH an average sampling rate
of 0.77 m® d! was calculated.

An analytical method was developed for the determination of FTOH adsorbed to spruce

needles in order to evaluate the needles suitability acting as natural passive samplers for
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Summary

FTOH. Needles were extracted using acetonitrile. After concentration, extracts were further
purified by SPE using Envi-Carb cartriges. However, FTOH were not detected in spruce
needle samples taken in Munich, Germany, Thus, it was assumed that spruce needles do not
sufficiently accumulate FTOH to be suitable natural passive air samplers.

Bulk deposition of non-volatile PFOA and PFOS was determined using Amberlite-XAD-2™
(XAD) deposition samplers at three sites in the Alps. XAD was cold extracted using
methanol. The extract was further purified by SPE using Envi-Carb cartriges. PFOA and
PFOS were regularly detected in these deposition samples. Deposition of PFOA and PFOS
was calculated to be up to 12 ng m?d”and up to 10 ng m?2d’, respectively.

Furthermore, FTOH were determined in dust samples from seven households. Dust samples
were extracted with acetone/methyl-tert.-butyl ether using ultra sonication, purified by Envi-
Carb SPE cartridges, and detected by GC-MS. In these samples a total FTOH concentration of
up to 434 ng g was observed. This suggests that FTOH are pollutants, which are already
commonly present at human domiciles resulting in an everyday exposure of those persons
living therein.

PFOA, PFOS, and FTOH were analysed in household consumer products, such as
impregnation agents, lubricants, and cleaners. Consumer products were diluted in methanol
and determined without further clean-up by UPLC-TOF MS. In 14 of 26 products, at least one
PFC was detected, indicating a potential source for PFC present in house dust. PFC were
predominately found in impregnating agents and lubricants. In most cases FTOH
concentrations exceeded those of PFOA and PFOS. With 396 ug mL™, the highest total PEC
amount was observed in one of the lubricants. Determined PFC concentrations were used to
estimate human exposure to PFC originating from the application of these agents. By means
of three different scenarios, consumer exposure to PFC was calculated to be between 43 and
464 ng kg d' revealing the importance of consumer products as PEC sources next to PEC
originating from food and drinking water.

Finally, PFOA and PFOS were analysed in soil and water samples taken in the national park
Serra dos Orgdos in the federal state of Rio de Janeiro, Brazil. 1 L water samples were
extracted using weak anion exchange cartridges for SPE, which thereafter were eluted with
methanol. Soil samples were extracted with methanol. Extracts were purified by SPE using
Envi-Carb cartridges. However, PFOA and PFOS were neither detected in soil samples nor in
water samples. This confirms the expectations that PFC concentrations in that remote area are

far below those detected in source regions or industrialized countries like Germany.
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Zusammenfassung

Zusammenfassung

Polyfluorierte organische Verbindungen (PFC) stellen eine weit verbreitete Chemikaliengruppe
dar, die sowohl hydrophobe als auch lipophobe Eigenschaften in sich vereinigt. Unter anderem
werden sie als schmutzabweisende Stoffe fiir Papier, Teppiche und Textilien eingesetzt.
Desweiteren werden sie in Loschschdumen, fiir die Produktion von Polymeren und als
Losungsvermittler in Pestizidzubereitungen verwendet. Einige PFC, besonders die
perfluorierten Alkylcarboxylate (PFCA) wie das Perflurooctanoat (PFOA), oder die
perfluorierten Alkylsulfonate (PFSA) wie das Perfluoroctansulfonat (PFOS), sind hoch
persistent und bioakkumulativ. Andere PFC, wie die Fluortelomeralkohole (FTOH) oder die
perfluorierten Sulfonamide sind fliichtig und konnen iiber weite Strecken in der Atmosphire
transportiert werden. Auflerdem wurden diese fliichtigen PFC als Vorldufersubstanzen
identifiziert, die zu den persistenten PFCA und PFSA abgebaut werden.

In der vorliegenden Dissertation wurden verschiedene analytische Methoden zur Bestimmung
von PFC in unterschiedlichen Matrices entwickelt. Dabei wurde Gaschromatographie-
Massenspektrometrie (GC-MS) zum Nachweis von FTOH und Ultraleistungsfliissigkeits-
chromatographie-Flugzeitmassenspektrometrie (UPLC-TOF MS) zum Nachweis von FTOH,
PFOS und PFOA eingesetzt. Semipermeable Membransammler (SPMD) wurden fiir die
Bestimmung von FTOH in der Luft getestet. Zu diesem Zweck wurden Extraktionen mit
Acetonitril, n-Hexan, Methanol, and Ethylacetate und verschiedene Festphasenextraktionen
(C-18, C-18E, Carboxen) zur Aufreinigung erprobt. Labor- und Feldexperiment wurden
durchgefiihrt, um die FTOH Verteilung zwischen SPMD und Luft zu untersuchen. Es wurde
beobachtet, dass FTOH generell die SPMD-Membran passieren konnten. Jedoch war bei
typischen FTOH-Umweltkonzentrationen die FTOH-Aufnahme in den SPMD-Sammler
behindert. Desweiteren wurden SPMD mit adsorbensbeschichteten Polyurethanschaum (SIP) -
Passivsammlern und Aktivluftsammlern, die von anderen Forschungsinstituten eingesetzt
wurden, verglichen. Wiahrend dieser Studie konnten FTOH nur gelegentlich mit SPMD
nachgewiesen werden, wogegen sie mit SIP und Aktivsammlern in allen Proben detektiert
wurden. Dies bestitigte die eingeschriankte FEinsetzbarkeit von SPMD als FTOH
Passivsammler. Die 8:2 FTOH Luftkonzentrationen wihrend drei Sammelperioden lagen
zwischen 38 und 59 pg m~ und 10:2 FTOH Luftkonzentrationen zwischen 5 und 13 pg m™.
Diese Vergleichstudie ermdglichte die erste Berechnung der FTOH Aufnahmeraten von
SPMD. Fiir 8:2 FTOH und 10:2 FTOH wurde eine mittlere Aufnahmerate von 0,81 m’ d”! bzw.

von 0,77 m’ d! ermittel.
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Zunsammenfassung

PFOA und PFOS wurden mit XAD Depositionssammlern an drei Standorten in den Alpen
bestimmt. Das XAD wurde mit Methanol extrahiert und die Extrakte mittels
Festphasenextraktion mit EnviCarb-Kartuschen weiter aufgereinigt. PFOS und PFOA wurden
regelmifig in diesen Proben nachgewiesen. Fiir PFOA und PFOS wurden Depositionsraten
von bis zu 12 beziehungsweise 10 ng m™ d”' ermittelt.

Weiterhin wurde eine analytische Methode zur Bestimmung von an Fichtennadeln adsorbiertes
FTOH entwickelt um deren Eignung als natiirlicher Passivsammler zu testen. Die Nadeln
wurden mit Acetonitril extrahiert und die Extrakte mit EnviCarb
Festphasenextraktionskartuschen weiter aufgereinigt. Jedoch konnten in Nadelproben aus
Miinchen, Deutschland, keine FTOH nachgewiesen werden. Daraus wurde gefolgert, dass
Fichtennadeln nicht geniigend FTOH anreichern, um als natiirlicher Passivsammler verwendet
werden zu konnen.

Weiterhin wurden FTOH Konzentrationen in sieben Staubproben aus Haushalten bestimmt.
Der Staub wurde im Ultraschallbad mit Aceton/Methyl-tert.-butylether extrahiert und die
Extrakte tiber EnviCarb Festphasenextraktionskartuschen weiter aufgereinigt. In diesen Proben
wurde mit GC-MS eine FTOH Gesamtkonzentration bis zu 434 ng g detektiert. Dies lisst
vermuten, dass FTOH bereits eine weite Verbreitung in Wohnrdumen gefunden haben und
somit zu einer tdglichen Exposition der dort lebenden Menschen mit PFOA fiihren kénnen.
AuBlerdem wurden PFOA, PFOS und FTOH in Haushaltsprodukten wie Imprigniermitteln,
Schmiermitteln, und Reinigern untersucht. Die Haushaltsprodukte wurden in Methanol gelost
und ohne weitere Aufreinigung mit UPLC-TOF MS gemessen. In 14 von 26 analysierten
Produkten wurde wenigstens ein PFC detektiert. Das lidsst vermuten, dass Haushaltsprodukte
eine Quelle fiir PFC im Hausstaub darstellen. PFC wurden hauptsédchlich in Imprigniermitteln
und Schmiermitteln gefunden. Meistens iibertrafen die FTOH Konzentrationen die von PFOA
und PFOS. Die hochste PEC Konzentration wurde mit 396 ug mL" in einem Schmiermittel
bestimmt. Die ermittelten PFC Konzentrationen wurden dazu verwendet, die PFC Exposition
fiir Menschen abzuschitzen, die diese Mittel anwenden. Mit Hilfe von drei Szenarien wurde
eine PFC Exposition zwischen 43 und 464 ng kg d”' errechnet. Dies verdeutlichte den hohen
Stellenwert von Haushaltsprodukten als PFC-Quelle fiir den Menschen neben der Nahrung und
dem Trinkwasser.

PFOS- und PFOA-Gehalte wurden in vier Wasser- und Bodenproben aus dem Nationalpark
Serra dos Orgﬁos, Bundesstaat Rio de Janeiro, Brasilien, untersucht. Fiir die Wasserproben
(1 L) wurden schwache Anionenaustauscher Kartuschen fiir die Festphasenextraktion

verwendet, die mit Methanol eluiert wurden. Die Bodenproben wurden mit Methanol extrahiert
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und die Extrakte mit EnviCarb Festphasenextraktionskartuschen weiter aufgereinigt. PFOA
und PFOS konnten weder im Wasser noch im Boden nachgewiesen werden. Das bestitigt die
Erwartung, dass die PFC Konzentrationen in dieser abgelegenen Region weit unterhalb derer

von Quellengebieten oder industrialisierten Lidndern wie Deutschland liegen.
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Introduction

1 Introduction

1.1 Poly- and perfluorinated compounds

1.1.1 Investigated poly- and perfluorinated compounds
Per- and polyfluorianted compounds (PFC) consist of a variety of substance classes. The most

important groups are perfluorinated carboxylates (PFCA) and perfluorinated sulfonates (PFSA)
with their major representatives perfluorooctanoate (PFOA) and perfluorooctane sulfonate
(PFOS) (Figure 1). PFCA and PFSA of different chain length (C4-C;s) were usually
manufactured by the electrochemical fluorination process (ECF). Besides ECF, PFCA and
PFSA were produced by telomerization, as well. However, this process was only of minor
importance compared to ECF (Hekster et al., 2003; Prevedouros et al., 2006; Paul et al., 2009).
During the ECF manufacturing process, an electric current is passed through hydrogen fluoride
and therein dissolved or dispersed organic compounds. All hydrogen atoms of those organic
compounds are replaced by fluorine. This procedure results in about. 85% linear and 15%

branched isomers. Additionally, some impurities are produced.

CF, CF, CF, _coO
F.c” SCF, SCF, “CF,
F,C. .CF, CF, CF, _SOj

CF, °CF, °CF, “CF,

b

Figure 1: Molecular structures of PFOA (a) and PFOS (b).

Another important group are the fluorotelomer alcohols (FTOH) (Figure 2). These
polyfluorinated chemicals are named after their ratio of the number of fluorinated to non-
fluorinated carbon atoms (e.g. 8:2 FTOH). They are produced via telomerization. During this
process, perfluoroalkylethyliodides are synthesized. In a second step iodide is replaced by a
functional group, in case of FTOH with a hydroxyl group. By this way FTOH are generated,
which can further be oxidized to PFCA. In contrast to ECF, telomerization generates only

linear molecules with an even number of carbon atoms (Hekster et al., 2003).
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_GF; _CF, _GH,
F.¢~ °“CF, “CH, “OH

a
CF, _CF, _CF, _CH,
F.c~ “CF, °“CF, “CH, ‘OH
b

CF, _CF, _CF, _CF, _CH,
F.¢c~ “CF, °“CF, “CF, “CH, ‘OH

C

_CF, _CF, _CF, _CF, _CF, 2
FsC CF, °“CF, °“CF, °“CF, ~“CH, “OH

d

Figure 2: Molecular structures of 4:2 FTOH (a), 6:2 FTOH (b), 8:2 FTOH (c), and 10:2 FTOH (d).

Besides PFCA, PFSA, and FTOH, there are also other classes of PFC such as perfluroalkyl
phosphonates, perfluroalkyl sulfonamids, polyfluorinated N-alkyl sulfonamids, saturated and
unsaturated fluorotelomer acids, and fluorotelomer acrylates. As far as it is known today, PFC
are of anthropogenic origin only. Although fluorinated molecules do exist in nature, e.g toxins
of higher plants and microorganisms, completely fluorinated molecules are not observed, with
the exception of trifluoroacetic acid (Key et al., 1997; Giesy and Kannan, 2002).

The substances that were chosen for investigations in this thesis were PFOA and PFOS, as
major representative compounds of PFCA and PFAS, and four fluorotelomer alcohols of
different chain lengths, 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, building the most
important group of volatile PFC (Prevedouros et al., 2006). These compounds are presented in

the following sections.

1.1.2 Properties of PFC

PFC have unique physico chemical properties. One reason for this is the strength of the carbon
fluorine bond (> 450 kJ mol™"). Moreover, perfluorinated molecules are shielded by three pairs
of nonbonding electrons belonging to each fluorine atom. Therefore, PFC resist degradation by
acids, oxidizing agents, alkalis, hydrolysis, photolysis, heat, and metabolism of organisms far
better than their hydrocarbon or even chlorinated analogues (Kissa, 1994).

Due to charged moieties such as a carboxyl moiety or sulfonyl moiety, PFCA and PFSA are

strong surfactants. They are non-volatile and persistent (Prevedouros et al., 2006). They reduce
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water surface tension more than hydrocarbon based surfactants (Kissa, 1994; Schultz et al.,
2003). PFC are both water and oil repellent. This results in three immiscible phases, when they
are mixed with water and hydrocarbons (Kissa, 1994).

In contrast to the ionic PFCA and PFSA, neutral PFC, such as FTOH, are volatile and
degradable (Ellis et al., 2004). FTOH are more volatile than their non fluorinated analogues.
Partial fluorination increases the vapour pressures by about one to two orders of magnitude

(Lei et al., 2004; Stock et al., 2004a).

Table 1: Physico chemical properties of PFC. Molecular weight, octanol air partition coefficients, and
octanol water partition coefficients of investigated PFC.

Compound CAS MW log Koa log Kow S pKa
(gmol’) (20°C)* (25°C,)" (mg L™

4:2 FTOH 2043-47-2 264 4.65 3.30 974 (22°C)° -

6:2 FTOH  647-42-7 364 491 4.54 18.8 (22°C) ¢ -

8:2FTOH  678-39-7 464 5.65 5.58 0.19 (22°C)° -

10:2 FTOH  865-86-1 564 5.83 6.63 0.006-0.885 (22°C) © -
PFOA 335-67-1 414 - 4.3 4100 (22°C) ¢ 05°
PFOS 1763-23-1 500 - - 519 (20°C) © 3.27¢

CAS: Chemical Abstracts Service registration number
MW: Molecular weight

Koa: Octanol air partition coefficient
Kow: Octanol water partition coefficient
S: Water solubility

 (Thuens et al., 2008)

®. (Carmosini and Lee, 2008)

°: (Liu and Lee, 2007)

d. (Prokop et al., 1989)

°: (Brooke et al., 2004)

f (Goss, 2008)

& (Kissa, 1994)

1.1.3 Sources and fate of PFC in the environment
Because of their unique properties, PFC have a wide range of applications. They are used as

protecting and impregnation agents for carpets, leather, and other textiles. They are applied in
food packaging, fires retardants, pharmaceuticals, lubricants, adhesives, cosmetics, insecticides,
as paper coatings, water and stain repellents, industrial surfactants, and for the production of
fluoropolymers, such as Teflon® (Kissa, 1994; Dinglasan-Panlilio and Mabury, 2006;
Villagrasa et al., 2006; Sinclair et al., 2007; Jensen et al., 2008). Manufacturing of PFC started
in the late 1940ies using the ECF process. The historical total global production of PFOA is
estimated to be between 3600-5700 Mg (Prevedouros et al., 2006). PFCA were emitted by
direct (manufacture, consumer, and industrial products) and indirect sources (residual

impurities, degradation of precursors, such as FTOH). Overall 3200-7300 Mg were released to

3
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the environment (Prevedouros et al., 2006). Total historical worldwide production of PFOS and
its precursors was estimated to be 122,500 Mg reaching its maximum of 4500 Mg per year
during 1990 to 2000 (Paul et al., 2009). Annual manufacturing volumes of fluorotelomer-based
products increased to 11-14 * 10° Mg in 2004 (Dinglasan-Panlilio and Mabury, 2006). Due to
their persistence, toxicity, and bioaccumulation, main producers like 3M and Dupont phased
out production of long-chain PFSA (Prevedouros et al., 2006; Paul et al., 2009) in 2001 and
replaced those by analogue butyl based substances (3M, 2000). Today, PFOS is classified
persistent organic pollutant (POP) under the Stockholm Convention and the European
Community and US-EPA restricted manufacturing and use of PFOS (EPA, 2002; EU, 2006;
Paul et al., 2009). Eight major companies voluntarily agreed to reduce facility emissions and
product content of PFOA and related chemicals by 95% no later than 2010 (EPA 2009). FTOH,
which degrade to PFCA longer than C8, are part of this agreement. However, the production
and application of short-chain FTOH, PFCA, and PFSA is not restricted so far.

Due to their non volatility and high water solubility, PFCA and PFSA are not presumed to
undergo noteworthy atmospheric long range transport, (Shoeib et al., 2006; Barber et al.,
2007). Thus, only rivers and ocean currents are considered as important direct route of
transport for PFCA and PFSA (Armitage et al., 2006; Prevedouros et al., 2006; Wania, 2007).
Volatile PFC like FTOH and polyfluorinated sulfonamids have atmospheric half life times of
20 to 50 days (Ellis et al., 2003; Ellis et al., 2004). Thus, they can undergo atmospheric long
range transport and are able to reach remote areas like polar regions (Shoeib et al., 2006;
Schenker et al., 2008; Dreyer et al., 2009b). Because these compounds are not completely
fluorinated, they can be degraded both in the atmosphere and in organisms to persistent PFCA
and PFSA to a certain extent (Dinglasan et al., 2004; Ellis et al., 2004; Martin et al., 2005;
Wallington et al., 2006). In the atmosphere FTOH are degraded by OH radicals to
fluorotelomer aldehydes and perfluorinated aldehyds, which can enter an “unzipping cycle”
resulting in a sequential loss of COF, moieties (Ellis et al., 2004; Schenker et al., 2008) (Figure
3). Molecules leaving this “unzipping cycle” are transformed to PFCA with shortened chain
lengths. In organisms, FTOH are oxidized to their acidic analogues by cytochrome P450
monooxygenase (Martin et al., 2005) (Figure 4). Then the alkyl chain is shortened by a or 3
oxidation. Thus, 8:2 FTOH for instance can be degraded to perfluorononanoate (PFNA) or
PFOA. Around 5% of FTOH are converted to PFCA in the atmosphere, and less than 5% in
isolated rat hepatocytes after 2 hours (Ellis et al., 2004; Martin et al., 2005). However, despite
of those low percentages, FTOH and polyfluorinated sulfonamids identified as precursor

substances that are of great importance for the global distribution of PFCA and PFSA in
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humans and the environment (Ellis et al., 2004; Simcik, 2005; Shoeib et al., 2006; Barber et

al., 2007). Source apportionment of PFCA and PFSA in the environment is difficult to conduct.

Roughly, it can be distinguished between PFC produced by ECF and telomerisation looking at

the ratio between branched and linear molecules. As mainly linear molecules are found in

remote regions, it was concluded that PFC originated to a high extent from telomer-based

compounds (De Silva and Mabury, 2004; De Silva and Mabury, 2006).
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Figure 3: OH-initiated oxidation pathways for fluortelomer alcohols in the atmosphere leading to formation
of perfluorinated carboxylates (Ellis et al., 2004).
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Figure 4: Generalized FTOH metabolic products and pathways in isolated rat hepatocytes (Martin ef al.,
2005).

Sewage treatment plants are important sources of PFC, as well (Schroder, 2003; Higgins et al.,
2005; Sinclair and Kannan, 2006). Along treatment steps, degradation of precursor substances
to PFCA and PFAS is enforced (Sinclair and Kannan, 2006). PFCA and PFSA originating from
the influent are not further degraded during wastewater treatment. Therefore concentrations of
PFCA and PFSA can increase from the influent to the effluent of a sewage treatment plant.
Short chain PFC (C; — Cy) remain diluted in the water phase because of their higher water
solubilitycompared to longer chained PFC (C;y — C;s), which partition to the sewage sludge
(Schultz et al., 2006; Sinclair and Kannan, 2006). For effective elimination of persistent PFC in
wastewater, complex techniques like adsorption to activated carbon, separation by membranes,
or advanced oxidation are necessary (Schroder, 2008). However, these procedures are not

routinely applied in common sewage treatment plants. Therefore PFC are usually not
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eliminated, but emitted to rivers, from which they finally may reach human drinking water

supplies and the aquatic food web.

1.1.4 Concentrations and effects of PFC in humans and the environment
In the 1960s, organofluorine chemicals were measured in human blood for the first time

(Taves, 1968). Applied nuclear magnetic resonance (NMR) analysis revealed the PFOA anion
or a structurally related compound and three other components as a likely source of the organic
fluorine (Guy et al., 1976). At the beginning of this millennium, development and application
of high performance liquid chromatography (HPLC) coupled with mass spectrometry (MS)
enabled routine analysis of specific organofluorine compounds (Giesy and Kannan, 2001;
Hansen et al., 2001). Since that time PFC where detected in humans (Olsen et al., 2003b;
Kannan et al., 2004; Olsen et al., 2004; Yeung et al., 2006), biota (Giesy and Kannan, 2001;
Kannan et al., 2002a; Kannan et al., 2002b; Kannan et al., 2002c; Houde et al., 2005; Butt et
al., 2007), food (Begley et al., 2005; Fromme et al., 2007b; Tittlemier et al., 2007), water
(Hansen et al., 2002; Boulanger et al., 2004; Rostkowski et al., 2006; Lange et al., 2007), air
(Martin et al., 2002; Shoeib et al., 2004; Stock et al., 2004b; Barber et al., 2007; Oono et al.,
2008; Dreyer et al., 2009a), soil (Powley et al., 2005; Washington et al., 2008), and house dust
(Kubwabo et al., 2005; Shoeib et al., 2005b; Strynar and Lindstrom, 2008), even in remote
regions of the world. Tables 2 to 6 present exemplarily some PFC concentrations in several

matrices.

Table 2: Overview of PFC concentrations in air.

Location Compound Level (pg m™) Reference
4:2 FTOH <LOD
Toronto, Canada (n=4) o on e Martin et al. (2002)
10:2 FTOH 7-46
4:2 FTOH <LOD
Long Point, Canada (n=2) g; Ilggg ég:j(l) Martin et al. (2002)
10:2 FTOH 15-20
Griffin, USA (n=5) Y FTOH " 49-224
Cleves, USA (n=3) Y FTOH * 103-181
Long Point, Canada (n=3) Y FTOH * <LOD-52 Stock et al.
Toronto, Canada (n=3) s FTOH * 113-213 (2004b)
Reno, USA (n=3) Y FTOH * 51-93
Winnipeg, Canada (n=3) Y FTOH * <LOD-18
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“Table 2: Overview of PFC concentrations in air, continued.

Location Compound Level (pg m™) Reference
6:2 FTOH <LOD-6 Shoeib ef al
Arctic (n=20) 8:2 FTOH 5.8-26 (2006) '
10:2 FTOH 1.9-17
4:2 FTOH 22-117
6:2 FTOH 33-149 Jahnke et al.
Hamburg, Germany (n=7) 8:2 FTOH 62-275 (2007b)
10:2 FTOH 16-93
4:2 FTOH 3.3-45
6:2 FTOH 17-125 Jahnke et al.
Waldhof, Germany (n=4) 8:2 FTOH 33-112 (2007b)
10:2 FTOH 10-32
6:2 FTOH <LOD-28 Oono et al.
8:2 FTOH 48-1743 (2008)
Sakyo, Japan (n=10) 10:2 FTOH <LOD-197
6:2 FTOH 27-44
8:2 FTOH 199-999 Oono et al.
Higashiyodogawa, Japan 10:2 FTOH 45-143 (2008)
(n=10)
6:2 FTOH <LOD-170
8:2 FTOH 310-4585
Morinomyia, Japan (n=4) 10:2 FTOH 35-518 Oono et al.
(2008)
4:2 FTOH <LOD-1.8 Dreyer and
6:2 FTOH 3.3-15 Ebinghaus
German Bight, North Sea 8:2 FTOH 8.2-130 (2009)
(n=7) 10:2 FTOH 2.1-29
4:2 FTOH 03°
6:2 FTOH 22° D }
Barsbiittel, Germany 8:2 FTOH 62" rezygéget at.
(n=117) 10:2 FTOH 21° (20092)
PFOS 1.3%°
PFOA 0.3%"
4:2 FTOH 0.1°
6:2 FTOH 23°
Geesthacht, Germany 8:2 FTOH 50° D /
(n=114) 10:2 FTOH 21° rezygéget at
PFOS 0.6%" (20092)
PFOA 0.2%°

* particle phase
average concentration
LOD: Limit of detection

* total FTOH concentrations reported only
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Table 3: Overview of PFC concentrations in solid samples.

Matrix (Country) Compound Level (ng g”) Reference
. PFOS <LOD-3.76 .
Sediment (USA) PFOA <LOD-0.25 Higgins et al., (2005)
) PFOS <LOD-175
Sediment (Germany) PFOA <LOD-506 Becker et al. (2008b)
Sewage sludge PFOS 14.4-2610 .
(USA) PFOA <L.OD-506 Higgins et al. (2005)
Sewage sludge PFOS <LOD-120
(Germany) PFOA <LOD-23 Becker et al. (2008a)
Soil (USA) PFOA 0.08-0.69 Washington et al.
(2008)
Dust (Canada) PFOS <LOD-5065 Kubwabo et al.
PFOA <LOD-1234 (2005)
6:2 FTOH 2-2500
House dust (Canada) 8:2 FTOH 3-16315 Shoeib et al. (2005a)
10:2 FTOH 2-8176
6:2 FTOH 749*°
8:2 FTOH 167 ° Strynar and
House dust (USA) 10:2 FTOH 95.8° .
PFOS 761 °* Lindstrom (2008)
PFOA 296 *
Popcorn bags (USA) PFOA 6-290 Begley et al. (2005)
. PFOS 0.03-1.0 Fromme et al.
Total diet (Germany) PFOA 0.03-118 (2007b)
Food (Canada)
Fish, marine PFOS 2.6
PFOA <LOD Tittlemier et al.
Ground beef PFOS 2.1 (2007)
PFOA <LOD
Microwave popcorn PFOS 1.0
PFOA 3.6

* average concentration
LOD: Limit of detection
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Table 4: Overview of PFC concentrations in aqueous samples.

Matrix Compound Level (ng L) Reference

(Country)

. PFOS 0.59 Loewen ef al. (2005)
Rain water PFOA 0.6-89 Scott et al. (2006)
(North America) ’

PFOS <LOD-1.9 .
Snow (USA) PFOA <LOD-19.6 Kim and Kannan (2007)
Ground water PFOA <LOD-6570000 Moody and Field (1999)
(USA)
Ground water PFOS 19-87
(USA) PFOA <L.OD-18 Plumlee et al. (2008)
River water PFOS 16.8-140
(USA) PFOA <LOD-598 Hansen et al. (2002)
River water PFOS <LOD-193
(Germany) PFOA <L.OD-3640 Skutlarek et al. (2006)
River water PFOA <LOD-200 MacLachlan et al. (2007)
(Europe)
Lake water PFOS 0.9-57
(Canadian Artic) PFOA 0.5-16 Stock et al. (2007)
Tap water PFOS 0.1-50.9 Harada ef al. (2003)
(Japan)
Drinking water PFOS <LOD-22
(Germany) PFOA <LOD-519 Skutlarek et al. (2006)
Sewage PFOS 3-68 . .
treatment plant PFOA 58-1050 Sinclair and Kannan (2006)
effluent (USA)

* average mean

LOD: Limit of detection

10
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Table 5: Overview of PFC concentrations in human blood (ng mL™), liver (ng g'), and milk (ng mL™).

Matrix (Country) Compound Level Reference
-la
Human blood (USA) 51582 3;"69n“gg£‘LL_l . Olsen et al. (2003a)
Human blood, PFOS 4.5-27 ngmL"!
plasma (Belgium) PFOA <LOD-13 ng mL"'
-1
Whole blood (Brazil) glfgi 4'3'3<5L‘(1)gDmL
PFOS 4.6-14 ng mL™
Fég‘l)lllfn'ﬂl‘;‘)’d PFOA 3.7-12 ng mL"'
Serum (India) PFOS <LOD-3.1 ng mL™
PFOA <LOD-3.5 ng mL"
Serum (Italy) PFOS <LOD-10 ng mL"’
y PFOA <LOD Kannan ef al. (2004)
Serum (Japan) PFOS 4.1-40 ng mL™
P PFOA <LOD-12 ng mL"'
PFOS 3.0-92 L'
Whole blood (Korea) PFOA <LOD-2 S%gnrgrgl L
-1
Whole blood PrOS 62-19 ng mL
%Aha;?glilli)o q PFOS 16-116 ng mL"
(Poland) PFOA 9.7-40 ng mL"!
blood (USA) PFOS <LOD-164 ng mL"
PFOA <LOD-88 ng mL"’
-1
Whole blood 113)113:82 (1);:?; Eg 211:1 Karrman et al.
(Sweden) ' & (2006)
PFOS 6.2-131 ng mL"!
Human plasma, N Fromme et al.
(Germany) PFOA 1.7-39 ng mLL (2007a)
-1
Breast milk (China) oEos DOt e So et al. (2006)
. PFOS 0.10-0.64 ng mL"! )
Breast milk 1 Volkel et al. (2008)
(Germany) PFOA <LOD-0.46 ng mL
Human liver (USA) PFOS 18.4/19.2 ng g'1 * (M/F) Olsen et al. (2003b)
PFOA <LOD
* Geometric mean
M: Male
F: Female

LOD: Limit of detection
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Table 6: Overview of PFC concentrations in wildlife tissue.

Species Compound Level (ng g”) Reference
Bald eagle, plasma, PFOS 1-2570 Giesy and Kannan
USA (2001)
Mink, liver, USA PFOS 20-4150
PFOA 4.5-27 Kannan ef al. (2002¢)
River otter, liver PFOS 25-994 o
USA PFOA <LOD-19
) PFOS 32-150
Cormqrant, liver, PFOA 29450 Kannan et al. (2002b)
Sardinian Sea
) PFOS <LOD-108
Bottlenose‘ dolphin, PFOA <LOD
liver, Mediterranean
Sea
PFOS <L.OD-89
Sea gull, Japan PFOA <LOD Kannan et al. (2002a)
Polar bear, liver, PFOS 1700->4000 Martin et al. (2004a)
Canada PFOA 2.9-13

LOD: Limit of detection

Once taken up, PFC can enrich in organisms. In contrast to chlorinated organic compounds,
which accumulate in fatty tissues of vertebrates, PFC partition to serum proteins and liver
(Jones et al., 2003; Kannan et al., 2005; Houde et al., 2006). Karrman et al. (2006) observed,
that median total PFC concentrations in human blood samples from Sweden exceeded
concentrations of total polychlorinated biphenyls (PCB) and p,p’-dichlorodiphenylethen by
factor 20-50, and concentrations of hexachlorobenzene (HCB), chlordanes, and polybrominated
diphenylethers (PBDE) by factor 300-450. (Skutlarek et al., 2006; Lange et al., 2007).
Ingestion of contaminated drinking water and food, and the use of PFC containing consumer
products were supposed to be the major exposure pathways for humans (Fromme et al., 2007b;

Trudel et al., 2008).

PFAS are more bioaccumulative than PFCA of equal chain length, because PFAS have one
more fluorinated carbon than corresponding PFCA. Bioaccumulation of PFC is increasing with
the length of the fluorinated alkyl chain due to a decreasing water solubility (Martin et al.,
2004b; Houde et al., 2006; Higgins et al., 2007). Bioaccumulation potential of PFCA with

seven fluorinated carbons or less is considered as very low (Conder et al., 2008). Moreover,
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bioaccumulation rates are species dependent. Elimination half life times of PFOA and PFOS in
rats were up to 9 days and 90 days respectively, whereas in humans they were 1-3.5 years and
8.7 years, respectively (Kudo et al., 2001; Hekster et al., 2003; Lau et al., 2004). Moody et al.
(2002) reported bioaccumulation factors for PFOS in the common shiner (fish) between 6300
and 125000. In rainbow trout bioconcentration factors (BCF) for PFOS were 690 (carcass) and
3100 (blood) after 12 days. Accordant BCF for PFOA were 3.2 and 25, respectively (Martin e?
al., 2003a; Martin et al., 2003b). In wild turtles, BCF for PFOS and PFOA was 10964 and 3.2
respectively (Morikawa et al., 2006).

PFC induced several toxicological effects in organisms (Table 7). Most of the conducted
studies focussed on PFOA and PFOS. PFCA and PFAS can cause peroxisome proliferation and
thereby affect the organisms lipid metabolism (Luebker er al., 2002; Kudo et al., 2005).
Perfluorinated compounds with carbon chain lengths of 7 to 10 are also capable of
downregulating the gap junctional intercellular communication and thus affect the cells growth
regulation (Upham et al., 1998). Peroxisome proliferation and a disturbed cell communication
also result in the promotion of tumors. Chronic PFOS intake led to hepatocarcinogenic effects
in rats. Intake of PFOA induced tumors in liver, pancreas, and Leydig cells (Upham et al.,
1998; Biegel et al., 2001). Furthermore, PFCA and PFAS affected thyroid hormone circulation
(Giesy and Kannan, 2002; Seacat et al., 2002), reduced body weight and affected the
development of rats, mice, and rabbits (Thibodeaux et al., 2003; Lau et al., 2004). Recently,
PFCA, PFAS, and FTOH were also supposed to be endocrine disruptors, as they showed
estrogenic effects in cell cultures and reduced testosterone levels in adult rats (Maras et al.,
2006; Jensen and Leffers, 2008).

PFCA and PFAS exhibit only moderate acute toxicity. Generally, toxic effects increase with
length of the fluorinated alkyl chain. Saturated and unsaturated fluorotelomer carboxylic acids
(FTCA and FTUCA), which have been identified as intermediates in the degradation of FTOH
to PFCA, were found to be up to 10000 times more toxic than analogous PFCA (Phillips et al.,
2007).
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Table 7: Acute and chronic toxicities (ECsy, LCsy, LDsy and NOEC) of some PFC for several organisms.

Compound Species Toxicity Reference
PFHxA Vibrio fischeri 30min ECsy 4266 uM Mulkiewicz et al.
(2007)
PFHpA Vibrio fischeri 30min ECsy 3020 uM Mulkiewicz et al.
(2007)
Vibrio fischeri 30min ECsy 1380 uM Mulkiewicz et al.
PFOA (2007)
Rattus rattus LDs, 500 mg kg™’ bw Pabel et al. (2008)
PFNA Vibrio fischeri 30min ECsy 1148 uM Mulkiewicz et al.
(2007)
Daphnia magna 48 hr ECs0 67.2 mg L™ Boudreau et al.
Lemna gibba 7d ECs 59.1 mg L! (2003)
PFOS Oncorhynchus mykiss 96 hr ECs5y 7.8 mg L' Hekster et al. (2003)
Rattus rattus LDs 251 mg kg™ bw Giesy and Kannan
(2002)

Daphnia magna 48 hr NOEC 0.16 mg L'

8:2 FTOH Danio rerio 96 hr NOEC 0,18 mg ! Tiekster ef al. (2003)
Daphnia magna 48 hr ECs50 3.0 mg L™
8:2 FTCA Chirinomus tetans 10d ECsp 124 mg L™ Phillips et al. (2007)
Lemna gibba 7d ECs0 0.9 mg L™
Daphnia magna 48 hr ECs50 4.0 mg L™
8:2 FTUCA Chirinomus tetans 10d ECsp21.2 mg L™ Phillips et al. (2007)
Lemna gibba 7d ECso 1.9 mg L™

1.1.5 Instrumental analysis of PFC
Organofluorine compounds were analysed since the second half of the last century. However,

in the beginning only non-selective analytical methods were available. Organofluorine
molecules were combusted yielding hydrogen fluoride, which was determined by an fluoride-
ion selective electrode (Taves, 1968; Kissa, 1986). Application of “F NMR spectroscopy
elucidated the molecular structure of organofluorine molecules, as it determines the presence of
CF, and CF; moieties (Guy et al., 1976; Ellis et al., 2000; Moody et al., 2001). However, this
analytical method is non-selective, as well. The first selective method for routine determination

of PFCA and PFAS was developed by Hansen et al. (2001) applying high performance liquid
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chromatography (HPLC) tandem mass spectrometry (MS) with negative electrospray ionisation
(ESI) for biota. In order to facilitate ionisation of the analytes, ammonium acetate was used to
buffer methanol and water used for gradient elution. This method was adapted by many
research groups and modified for the determination of PFCA and PFSA in other matrices like
water, food, or soil, etc. (Higgins et al., 2005; Skutlarek et al., 2006; Fromme et al., 2007b;
Washington et al., 2007; Washington et al., 2008). It is also possible to derivatise PFCA to
their difluoroanilide (De Silva and Mabury, 2004) or methylester analogues (Schultz et al.,
2003) to enable determinations by GC-MS. In contrast to PFCA, PFSA do not form stable,
volatile derivatives and therefore cannot be analysed by GC-MS (Schultz et al., 2003).

Neutral, volatile PFC are routinely determined by GC-MS applying positive chemical
ionisation (Martin et al., 2002). For FTOH, ionisation by electron impact is used, as well
(Szostek and Prickett, 2004). However, only small molecular fragments (mainly m/z 31 and
m/z 69) can be used, which may not be specific enough for a reliable identification of the
analyte. Chemical ionisation enables identification of FTOH by their protonated molecular ions
(m/z 265, m/z 365, m/z 465, m/z 565). This method is more selective and less sensible to signal
disturbance by other compounds or matrix effects than ionisation by electron impact. FTOH
can also be determined by HPLC-MS (Berger et al., 2004; Martin et al., 2005; Taniyasu et al.,
2005). For electrospray ionisation of FTOH, gradient solvents buffered by ammonium acetate
are often necessary. The ammonium salt forms an acetate adduct with the FTOH molecules
([M+597’) that can be detected by negative ESI MS (Martin et al., 2005).

In the following paragraphs some analytical methods for the determination of PFC in several
matrices are shortly described which are related to the objectives of this thesis.

For the determination of FTOH and other volatile PFC in the atmosphere, XAD-impregnated
polyurethane foam (PUF) disks (SIP) are used as passive air samplers (Shoeib et al., 2008).
Those PUF disks were exposed to air for several weeks and afterwards soxhlet extracted using
petroleum ether / acetone. Extracts were centrifuged and then analysed by GC-MS.

FTOH in air samples are also routinely analysed by high volume active sampling (Barber et al.,
2007; Dreyer et al., 2009a). XAD-PUF cartridges are used for the enrichment of airborne PFC.
Then cartridges are extracted using methyl-tert-butyl-ether (MTBE) / acetone. Extracts are
concentrated and FTOH are determined by GC-MS.

FTOH were determined in housedust by Strynar and Lindstrom (2008). Dust samples were
extracted in hexane applying ultrasonication. Then, extracts were purified by Supelclean LC

Silica solid phase extraction (SPE) cartridges and FTOH were analysed by GC-MS. Shoeib et
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al. (2005b) determined perfluorinated sulfonamides in housedust. Samples were soxhlet-
extracted using dichloromethane without further purification prior to GC-MS determination.
PFCA and PFSA are routinely analysed in water samples applying C;s sorbent, strong anion
exchange (SAX) sorbent, weak anion exchange (WAX) sorbent, and hydrophilic lipophilic
balanced (HLB) sorbent for SPE prior to HPLC-MS/MS determination (Moody and Field,
1999; Moody et al., 2001; Taniyasu et al., 2005).

PFCA and PFSA in the atmosphere were determined by high volume sampling applying glass
fibre filters and PUF XAD cartridges (Kaiser et al., 2005; Barber et al., 2007; Dreyer et al.,
2009a). Methanol extracted PFC were concentrated and directly measured by HPLC-MS/MS.
An analytical method for determination of PFCA in soils was developed by Washington et al.
(2007; 2008). Samples were alkalinised, extracted with ACN/water followed by an ion-pair
extraction and HPLC-MS/MS measurement.

1.2 Objectives

Scientific and public concern regarding PFC increased during the past years. Due to their
extensive application and high persistence, these compounds are now ubiquitously distributed.
Whereas the role of direct PFC sources, mainly to the aquatic environment, was already
assessed in various studies (Moody and Field, 1999; Moody et al., 2002; Schultz et al., 2004;
Sinclair and Kannan, 2006; Skutlarek er al., 2006; Lange et al., 2007), the importance of
indirect, diffuse sources is not well understood. Furthermore, a comprehensive understanding
of PFC transport processes, such as riverine, oceanic, and atmospheric transport, is still lacking.
Application of SPMD as passive samplers may provide a valuable tool to elucidate transport
and distribution processes of neutral PFC, because SPMD can be easily deployed for al long
time without need of energy and maintenance. However, volatile polyfluorinated precursor
substances like FTOH were mainly analysed in air applying high volume active sampling or
passive sampling by XAD impregnated PUF disks. There are no studies regarding use of
SPMD for air sampling of FTOH and other volatile PFC. Until now, scientific studies mainly
investigated perfluorinated compounds in biota and water samples. Studies investigating other
environmental matrices and consumer products are scarce and only a few research groups
determine FTOH and PFCA simultaneously.

The objective of this thesis was to develop several analytical methods to investigate volatile
FTOH and non-volatile PFOA and PFOS in different natural and anthropogenic matrices. To
enable the simultaneous determination of FTOH, PFOA, and PFOS by nanoflow UPLC-TOF-

MS, an instrumental method had to be developed. This analytical system had never been used
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for PFC determination before. In addition, GC-MS was applied, when solely FTOH were
analysed. By means of these methods, PFC concentrations were determined in different

matrices.

1. Air and SPMD

Because air is considered as an important transport medium for volatile PFC, suitable tools are
needed for the determination of PFC air concentrations. Therefore, SPMD were applied as
passive air samplers for FTOH. Specific questions were: Are SPMD suited as passive samplers
for the determination of PFC in air? How is the partitioning behaviour of FTOH to SPMD
under laboratory and field conditions? How do SPMD perform in comparison to conventional
FTOH air sampling using High volume active sampling and passive sampling by SIP discs?
For this purpose, an analytical method for the extraction and purification of SPMD had to be

developed and compared to routinely used analytical methods

2. Air and needles

Pine needles provide a natural passive sampling medium for airborne organic contaminants.
Therefore a method for determination of FTOH adsorbed to needles was developed. Pine
needles of two urban sites were investigated to verify whether FTOH adsorb to needles and

whether needles are suitable passive samplers for FTOH.

3. Airborne particles

Airborne PFC, particularly ionic PFCA and PFSA can be deposited to the surface adsorbed to
particles. Therefore a method was optimised to determine PFC on particles collected by
deposition samplers. For this purpose, backup samples of the European project MONARPOP
were used, in which the distribution of persistent organic pollutants in the Alpes was
investigated. Specific questions were: Are significant amounts of PFOA and PFOS deposited?

Do depositions of PFOA and PFOS differ between three sites in the Alpes?

4. Domestic particles

As natural airborne particles in outdoor air, house dust may represent a sink for PFC. Thus, a
method was optimised to determine PFC in housedust. Here, only FTOH were investigated.
The specific question was: Does housedust contribute to human exposure to PFC and to which

extent?
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5. Consumer products

Do consumer products contribute to exposure of humans to PFC? To answer this question, PFC
concentrations in several consumer products such as impregnating agents, lubricants, cleaning
agents were determined. Those concentrations were used to estimate human exposure to PFC

when applying these agents.

6. Water and soil

During a cooperation project with the University of Rio de Janeiro, water and soil samples
were collected in the National Park Serra dos ()rgﬁos, Federal district of Rio de Janeiro, Brazil.
Analytical methods were optimised for the determination of PFOA and PFOS in those samples.

The specific question was: Are PFC present in this remote region in Brazil?
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2 Material and Methods

2.1 Chemicals and reagents
Native and mass-labelled analytical standards used during method development and PFC

analysis are presented in Table 8.

Table 8: Analytical standards, purity (%), and CAS of substances used.

Compound Purity (%) Company

4:2 FTOH 97 Fluorochem, Old Glossop, UK

6:2 FTOH 97 Fluorochem, Old Glossop, UK

8:2 FTOH 97 Fluorochem, Old Glossop, UK

10:2 FTOH 97 Fluorochem, Old Glossop, UK

PFOA 99 Fluorochem, Old Glossop, UK

PFOS 98 Sigma Aldrich, Taufkirchen, Germany.

13 C22H2 4:2 FTOH 98 Wellington, Laboratories Guelph, Ontario, Canada

13C22H2 6:2 FTOH 98 Wellington, Laboratories Guelph, Ontario, Canada

13 C22H2 8:2 FTOH 98 Wellington, Laboratories Guelph, Ontario, Canada

13C22H2 10:2 FTOH 98 Wellington, Laboratories Guelph, Ontario, Canada

13 C,; PFOA 98 Wellington, Laboratories Guelph, Ontario, Canada

13C4 PFOS 98 Wellington, Laboratories Guelph, Ontario, Canada

9:2 FA 98 Fluorochem, Old Glossop, UK

7:1 FA 97 Donation of GKSS Research Center, Geesthacht,
Germany

8:1 FA 98 Donation of GKSS Research Center, Geesthacht,
Germany

9:1 FA 98 Donation of GKSS Research Center, Geesthacht,
Germany

Acetone, acetonitrile (ACN), n-hexane (HEX), methyl-tert.butyl ether (MTBE) (all picograde
quality), and methanol (MeOH; HPLC and LC-MS grade) were purchased from LGC-
Standards, Wesel, Germany. Ethylacetate (EtAc; Pestanal) was obtained from Riedel-de-Haen,
Seelze, Germany.

Envi-Carb (250 mg) cartridges, triolein (99% purity), and Carboxen 1016 cartridges were
obtained from Sigma-Aldrich, Seelze, Germany. Strata C18-E cartridges and strata SDB-L
syrene divenyl benzene cartridges were purchased from Phenomenex, Augsburg, Germany.
Bulk C18 was obtained from Separtis, Grenzach-Whylen, Germany. Ammonium acetate (LC-
MS grade) was purchased from Fluka, Buchs, Switzerland. Weak anion exchange cartridges

(Oasis WAX) were obtained from Waters, Milford, USA.
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2.2 Quality assurance / Quality control
All determinations of PFC concentrations in samples were conducted using mass-labelled

internal standards in order to check recoveries of PFC during extraction and clean-up.
Additionally, 9:2 FA was used as internal standard added to samples and calibration standards
to control performance of GC-MS and UPLC-MS. At least one blank sample was analysed and
measured with every set of samples (n=2-5).

Glassware used for PFC analysis was rinsed with methanol and acetone (technical quality),
washed in a laboratory dish washer at 80 °C, rinsed with deionised water and baked for 8 hrs at
450 °C. Laboratory equipment not allowed to be baked was rinsed with methanol (HPLC
grade) and acetone (picograde) after cleaning in the dishwasher. For cleaning of small plastic

materials also ultra sonication was used.

2.3 Optimisation of PFC determination by nanoflow UPLC - TOF MS
PFCA and PFSA like PFOA and PFOS are routinely detected by HPLC-MS (Giesy and

Kannan, 2001; Hansen et al., 2001; Martin et al., 2003b). FTOH are usually detected by GC-
MS (Martin et al., 2002; Stock et al., 2004b; Jahnke et al., 2007a), but there are some authors
using HPLC-MS for the detection of FTOH, as well (Berger et al., 2004; Martin et al., 2005;
Szostek et al., 2006). However, until now nanoflow UPLC coupled to a TOF MS had never
been applied for PFC analysis. Compared to HPLC, this analytical system enables gradient
elution at a higher system pressure (up to 690 bar), which allows the use of nanobore columns
with small particles at high linear flow rates resulting in a higher analyte sensivity and
resolution.

The optimisation process for PFC determination applying UPLC-TOF MS included the
evaluation of flow rates, peak shape, and peak separation by two different column materials
(C18 BEH and C18 Atlantis, both Waters, Milford, USA) for the gradient elution.

Morevover, concentration of the ammonium acetate buffer (0, 2, and 10 mM) and MS tune
parameters such as cone voltage (42, 35 and 17 V), collision energy (40 and 11 eV) and
capillary voltage (1800 and 2000 kV) were evaluated to optimise electrospray ionisation for the

simultaneous determination of PFOA, PFOS, and FTOH.
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2.4 Method development for the determination of FTOH in SPMD

2.4.1 Theory of passive sampling

Passive samplers are defined as “human-made devices, where sample collection and residue
extraction occur simultaneously in a complete passive manner” (Huckins et al., 2006). Passive
samplers do not need electricity or intensive maintenance and therefore can easily be operated
and deployed for a long time even in remote areas lacking suitable infrastructure needed for
active samplers.

A chemical is concentrated in the passive sample medium when the fugacity of the chemical in
the passive sampler is lower than in the surrounding medium. To calculate the concentration of
an analyte in ambient air from its concentration in the passive sampler, the following
requirements have to be fulfilled: 1) the ananlyte concentration in the passive sampling
medium and in the environment must be proportional; 2) the sampling rate and partition
coefficients associated to chemical exchange have to be independent of the analyte
concentration in ambient air; 3) the analyte concentration in the ambient air should not be
reduced significantly by the sampling process itself (Huckins et al., 2006).

The exchange of compounds between the passive sampling medium and the surrounding air
can be separated in three phases (Figure 5) (Bartkow et al., 2005): 1) a linear uptake stage.
Here, the compound uptake is proportional to its concentration in ambient air. In this stage, the
sampler is called “kinetic sampler”; 2) a curvilinear stage. The importance of the compound
elimination from the sampling medium increases: 3) a steady state stage. Uptake and
elimination of the compound have the same absolute value. The equilibrium is achieved.

‘a Equilibrium
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Figure 5: Plot of three phases of passive sampler uptake (Huckins ef al., 2006).
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Hence, passive samplers accumulate a chemical in an integrative way until the equilibrium
stage is reached. For the calculation of the analyte concentration in the air, performance
reference compounds (PRC) are used, which ideally should have the same physico chemical
properties as the analyte. PRC are spiked to the samplers prior to their deployment. Analyte
sampling rates and thus the sampled volume of air can be derived from the PRC elimination.
For a good passive sampler performance, it is important to optimize film thickness, area,

volume, and the area to volume ratio of the sampler.

2.4.2 Semipermeable membrane devices
Dialysis tubings henceforth referred to as semipermeable membrane devices (SPMD) consist of

a low density polyethylene membrane (LDPE) containing a lipid or other suitable substances
for enrichment of target compounds. Transient polymeric cavities of approximately 10 A° in
diameter are embedded in the LDPE membrane (Figure 6). Because of the size exclusion and
the lipophilic properties of the membrane, SPMD accumulate only noncharged molecules with
a molecular mass less than approximately 600 mu and a octanol water partition coefficient log
Kow > 3 (Petty et al., 2000; Huckins et al., 2006). Typically, the natural neutral triglyceride
triolein (2,3-bis[[(E)-octadec-9-enoylJoxy]propyl (E)-octadec-9-enoate; MW 885.4; melting
point: +5 °C) is used as lipid. It is non-reactive and thus suitable for the accumulation of
hydrophobic organic chemicals.

Compounds approaching SPMD by convection and eddy diffusion are confronted with three
barriers before they reach the sampling medium: At first, the substances have to diffuse
through the laminar boundary air layer. When the surface of the sampler is reached, the SPMD
membrane with its transient cavity structure acts as barrier regarding to size and polarity of the
compound. Entering and diffusion into the triolein represents the last barrier. The uptake of a
compound into SPMD is controlled by the barrier offering the highest resistance (Petty et al.,
2000; Huckins et al., 2006). In comparison to the other two barriers, the resistance of the

triolein phase is negligible (Petty et al., 2000; Huckins et al., 2006).
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Figure 6: Movement of contaminants through transient pores and size exclusion phenomenon in SPMD
(Huckins et al., 2006).

SPMD have routinely been applied as passive samplers for accumulation and determination of
various hydrophobic organic compounds such as polycyclic aromatic hydrocarbons, PCB,
polychlorinated dibenzo dioxines and furans, and organochlorine pesticids from water
(Huckins et al., 1993; Booij and Van drooge, 2001; Luebker et al., 2002; Setkova et al., 2005)
and air (Van drooge et al., 2005; Levy et al., 2007; Zhu et al., 2007; Shoeib et al., 2008).

So far, SPMD were not applied for FTOH air sampling and their suitability was not evaluated.
Only PUF disks, impregnated with XAD-4, and tubes filled with XAD-2 were used as passive
air samplers for FTOH determination (Loewen et al., 2008; Shoeib et al., 2008). In contrast to
SPMD, chemicals can directly adsorb to the XAD without passing a membrane. On the other
hand, those samplers can only be used in air and the material accumulating the pollutants is not

as well protected against environmental disturbances as in SPMD.
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2.4.3 Purification of SPMD extracts by GPC

Removal of co-extracted triolein is the essential step in SPMD analysis. Gel permeation
chromatography (GPC) (Ockenden et al., 2001; Yusa et al., 2005) and liquid liquid extraction
(LLE) (Esteve-Turrillas et al., 2006) is often used for this purpose. To find out which method is
suited best for purification, these methods as well as SPE were compared.

For all SPMD spike and recovery experiments, a 20 ppm FTOH solution in EtAc was used.
50 pL of this solution were spiked to SPMD prior to extraction and prior to SPE, respectively.

5 ug FTOH and 10 mL of EtAc were added to 0.7 mL of triolein. This solution was injected
into a gel permeation chromatograph (Gilson, Limburg-Offheim, Germany) and eluted with
cyclohexane : EtAc (1:1) at a flow rate of 5 mL min™'. Size exclusion was conducted using
Biobeads S-X3 (200-400, LC-Tech, Darfen, Germany). After the elution of triolein, four
fractions (50 mL each) were collected. In a second experiment, 5 ug FTOH diluted in 10 mL
EtAc were injected into the GPC without triolein and three fractions (0-16 min, 16-24 min, and
24-34 min) were collected.

Collected GPC fractions were evaporated to 2 mL using rotary evaporation. As injection

standard 9:2 FA was added. FTOH were determined by GC-MS as described in section 2.12.

2.4.4 Optimisation of solid phase extraction of SPMD extracts
For the clean-up of SPMD extracts, different adsorbent materials and elution solvents were

evaluated. For this purpose, SPMD were cut into slices and extracted using methanol (MeOH).
The volume was rotary-evaporated to about 1 mL. Then, extracts were spiked with an FTOH
standard solution and SPE was conducted to remove remaining triolein. As SPE materials,
C18-E (500 mg and 1g), C18 (1g), SDB-L (200 mg), and C18-E (500 mg) + Carboxen 1016
(100 mg) were evaluated. Cartridges were conditioned with EtAc and MeOH, 3 mL each.
Solvents tested for elution were EtAc, MeOH, MeOH/EtAc (1/1), and MeOH/EtAc (2/1). SPE
cartridges were eluted with 5 mL of the solvent to be tested. The volume was reduced to about
0.5 mL under a gentle stream of nitrogen and transferred into a GC vial. 9:2 FA was added as

internal standard and FTOH were determined by GC-MS.

2.4.5 Optimisation of SPMD extraction
FTOH were spiked into SPMD using a 50 ul syringe. After homogenisation, SPMD were cut in

slices and extracted by shaking in 100 mL of different solvents (MeOH, ACN, acetone, and
EtAc) for 24 hrs. MeOH and ACN extracts were liquid liquid extracted with 100 mL Hex.
After phase separation, the MeOH and the ACN fractions were collected and rotary evaporated
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to about 1 mL. SPE was conducted with CI8-E (500 mg) + Carboxen 1016 (100 mg).
Cartridges were eluted with 8 mL MeOH. The volume was reduced to about 0.5 mL under a
gentle stream of nitrogen and transferred into a GC vial. 9:2 FA was added as internal standard
and FTOH were determined by GC-MS. SPMD extracts in acetone and EtAc were directly
purified by SPE as described above.

2.4.6 Final method for FTOH determination in SPMD

SPMD were cut into slices and transferred into a glass vessel. Prior to the extraction mass
labelled 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH were added. 100 mL of ACN/HEX
(1/1 v/v) were added and SPMD were extracted by shaking for 24 hours. Extracts were
transferred into a separatory funnel and 100 mL ACN/HEX (1/1 v/v) were added and the
funnels were shaken for about 2 min. After phase separation, ACN was collected and
concentrated to about 1 mL by rotary evaporation, and finally to 200 pL by a gentle stream of
nitrogen. 9:2 FA was added as internal standard and FTOH were determined by GC-MS. The

HEX phase containing triolein was discarded.

2.5 Accumulation and elimination of FTOH in SPMD
2.5.1 FTOH migration out of SPMD
2.5.1.1 FTOH migration out of SPMD into air

In a first experiment, release rates of FTOH in SPMD were investigated. For this purpose
triolein filled SPMD were spiked with 25 pug of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2
FTOH, each, in 0.1 mL acetone and sealed again. FTOH were dissolved in acetone since the
solvent volume was relatively high compared to the volume of triolein (0.7 mL). Acetone is
very volatile and thus can easily penetrate through the SPMD membrane, resulting in a rapid
decline of solvent content after deployment. By this measure, adverse effects of the solvent on
the partitioning of FTOH between triolein and air were minimized. SPMD were fixed in a
Stevenson screen box made of untreated wood and placed 2.5 m above ground level at a site
located at the Helmholtz Zentrum Miinchen (HMGU) in the north of Munich, Germany. In this
deployment device, SPMD were protected from direct sunlight and wet deposition, and air flow
turbulences were minimized (Levy et al., 2007). Conducting this experiment under field
condition, prevents any saturation effects of FTOH in the ambient air resulting in an
equilibrium between FTOH concentrations in air and SPMD. After 0, 8, 16, 32, and 64 days of
deployment (September to November 2007; temperatures between 5 and 22°C), SPMD
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triplicates were collected and the FTOH concentrations were determined as described in
sections 2.4.4 and 2.12. If SPMD were not analysed immediately after sampling, they were
stored at —30°C. 7:1 FA, 8:1 FA, and 9:1 FA were used as internal standards for calculation of
FTOH recoveries. For each triplicate sample, one blank SPMD that was shortly exposed to

ambient air, was analysed simultaneously.

2.5.1.2 FTOH migration out of SPMD into solvent

In order to evaluate FTOH migration out of SPMD in presence of an organic solvent, SPMD
were extracted by dialysis, which is a common extraction method in routine SPMD analysis
(Booij and Van drooge, 2001; Lohmann et al., 2001; Bartkow et al., 2004; Huckins et al.,
2006). For this purpose triolein-filled SPMD were spiked with 0.1 pug of 4:2 FTOH, 6:2 FTOH,
8:2 FTOH, and 10:2 FTOH, each, in 50 uL EtAc and sealed again. EtAc was chosen, because
evaporation of the carrier solvent was not necessary in this experiment. SPMD were extracted
twice for 24 hrs using 200 mL acetone/MTBE (1/1 v/v) (Dreyer et al., 2008). After that, the
remaining FTOH in SPMD were extracted as described in section 2.4. It is important to note
that for this third extraction step, the SPMD tubings were cut into slices and ACN/HEX (v/v
1/1) was used for extraction, because this solvent mixture is crucial for purification by liquid
liquid extraction. Prior to each extraction, mass-labelled FTOH were added as interal standards
for the determination of recovery rates. Extracts of the three extraction steps were analysed
separately. Dialysis extracts were concentrated and purified by solid phase extraction using
Envi-Carb cartridges, which were eluted with 5 mL acetone/MTBE (1/1). Afterwards, extracts
were concentrated to 200 uL using rotary evaporation and a gentle stream of nitrogen. FTOH

were determined by GC-MS as described in section 2.12.

2.5.2 FTOH migration from air into SPMD and pure triolein
To investigate the migration of gaseous FTOH through the polyethylene membrane of SPMD

and their accumulation in triolein, several glass chamber experiments (GCE) were conducted.
In general, a beaker with a known content of FTOH and some SPMD were placed into a glass
chamber (volume 10 L, Figure 1). Beaker and SPMD were not in direct contact. Deployment
time and spiked FTOH levels in the beaker varied. During exposure, the glass chamber was
kept at room temperature and in the dark to avoid photochemical breakdown. After the
deployment, the chamber was opened and FTOH concentration in exposed SPMD and in one

blank SPMD was determined as described in sections 2.4 and 2.12.
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Figure 7: Experimental set up of glass chamber experiments.

2.5.2.1 High FTOH level experiments
In a first experiment 10,000 ug of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, each,

were directly weighed into a beaker and placed in the glass chamber. Three SPMD were then
exposed to FTOH for 31 days (GCE I).

In a second experiment, four SPMD and a beaker with 1 mL of pure triolein without tubing
were exposed to 10,000 pg of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH and 10:2 FTOH, each, for 47
days. The volume of pure triolein was not supposed to decrease due to its very low volatility.
For two of the SPMD, the outer side of the membrane was rinsed with EtAc. Triolein and the
PE tubings of those SPMD were analysed separately for their FTOH content. The other two
SPMD were analysed without further treatment prior to extraction. Pure triolein was dissolved
in 50 mL HEX and then analysed the same way as SPMD (section 2.4.4), starting with liquid

liquid extraction.

2.5.2.2 Low FTOH level experiments
GCE were used to investigate partitioning of FTOH to SPMD and triolein. In GCE III, three

beakers filled with 0.7 mL of triolein (without tubings), each, were exposed to 0.2 ug of 4:2
FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, each, dissolved in EtAc for 15 days. FTOH in
triolein were analysed as described in section 2.5.2.1. Remaining FTOH in the beaker were
determined by rinsing the beaker with EtAc followed by concentration to 200 uL by rotary
evaporation and a gentle stream of nitrogen.

In GCE 1V, three SPMD (triolein and tubings) were exposed to 0.1 ug of 4:2 FTOH,
6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, each, dissolved in EtAc for 15 days. In addition,

remaining FTOH in the beaker and adsorbed to the chamber were determined by rinsing the
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inner glass wall of the chamber and the beaker with EtAc followed by concentration to 200 pL

as described above.

2.6 Comparison of SPMD with XAD impregnated PUF disks and high
volume active sampling for determination of FTOH in air
To evaluate the performance of SPMD as FTOH passive air samplers compared to routinely

applied sampling methods, a field intercomparison study of different research groups was
conducted at Barsbiittlel, a semi-rural site located 20 km east of Hamburg, Germany, from
April 2007 until March 2008. Among the investigated samplers were high volume active
samplers (Dreyer and Ebinghaus, 2009) deployed and analysed by the GKSS Research Center,
Geesthacht, Germany, XAD-impregnated polyurethane foam (SIP) disks (Shoeib et al., 2008)
analysed by Environment Canada and the University of Lancaster, UK, and SPMD applied by
the Institute of Ecological Chemistry (Helmholtz Zentrum Miinchen, HMGU). Additionally,
SIP disks of two sampling periods and two standard solutions were analysed by all
participating research groups.

Active sampling was conducted continuously for periods of three and four days at flow rates of
about 500 m® d'. All passive samplers were deployed for periods of two month. Six SPMD
were deployed during each sampling period. Two blank SPMD samples were analysed with
each set of SPMD of one sampling period. For analyis the six SPMD were combined to one
sample. Except for a few modifications, they were analysed as described in section 2.4.4. Two
of the six SPMD were shaken in 100 mL acetonitril/HEX (1/1 v/v) for 24 hrs and then liquid
liquid extracted. After the extraction of the three pairs of SPMD, the three ACN phases were
combined in one glass vessel, evaporated to 200 pl, and transferred into a GC vial.

SIP disks, deployed during sampling periods II and IV, were extracted three times using
100 mL acetone/MTBE (1/1). Prior to the extraction mass-labelled FTOH were added. Extracts
of each sample were carefully combined in a new glass vessel to prevent the transfer of fine
XAD particles. Afterwards, they were evaporated to 5 mL and centrifuged by 3000 rpm.
Extracts were purified by SPE using EnviCarb cartridges (250 mg), evaporated to 200 uL, and
transferred into GC vials. 9:2 FA was added as internal standard and FTOH were determined
by GC-MS.

FTOH standard solutions of unknown concentration were combined with a defined amount of
masslabelled FTOH and injection standard 9:2 FA and directly determined by GC-MS.
Average air concentrations derived from SPMD analysis were calculated by equation 1

according to Huckins et al. (2006).
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N
— SPMD ( 1 )

R, -t

s

Cair: concentration of FTOH in air (pg m'3)
Nspmp: amount of FTOH in SPMD

Rs: sampling rate (m® d™)

t: duration of sampling period (d)

Sampling rates were calculated by equation 2. Because FTOH partition coefficients between air

and SPMD (Kspmp A) were not available, octanol air partition coefficients determined for 10°C
(8:2 FTOH: 1122019, 10:2 FTOH: 1862087) by Thuens et al. (2008) were used instead
(Huckins et al., 2006).

Rs :Vs 'KOA .ke (2)

with:

Rs: sampling rate (m® d™)

V. SPMD volume (m?)

Kopa: octanol air partition coefficient
Kke: PRC release rate constant (d'l)

PRC release rate constants were calculated by equation 3 (Huckins et al., 2006) using data

from experiments investigating FTOH migration from SPMD into air described in section

2.5.1.1.

__In(N/N,)

e

with:

3)
t

ke: PRC release rate constant (d'l)

N: amount of FTOH present in SPMD at the end of deployment

No: amount of FTOH in SPMD at the beginning of deployment

t: duration of SPMD deployment (d)

FTOH air concentrations derived from PUF samples were calculated using equation 1 with an

uniform sampling rate of 3.5 m” d”' for all FTOH established by Shoeib et al. (2008).

The FTOH air concentrations derived by high volume samplers were used for the calibration of

SPMD. Therefore, FTOH sampling rates were calculated by resolving equation 1 for Ry and

introducing air concentrations derived by High volume sampling into this equation 4.
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R — NSPMD (4)
' Coir "1
with: Rg: sampling rate (m® d™)
Cair: concentration of FTOH in air derived by active sampling (pg m™)
Nspmp: amount of FTOH in SPMD
t: duration of sampling period (d)

2.7 Determination of fluorotelomer alcohols on spruce needles
Half year old to two year old spruced needles were sampled in downtown Munich (Schwabing

and Englischer Garten). They were frozen and removed from Spruce branches using liquid
nitrogen (Niu et al., 2003). For method development, 10 g needles were spiked with 100 ng of
4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, each.

Acetonitril and acetone/MTBE (1/1) were tested for their suitability as extraction solvents.
100 mL of solvent were added to the needles. Needles were shaken for 24 hrs. Extracts were
decanted, evaporated to a volume of 2 mL and purified by solid phase extraction applying
EnviCarb (250mg and 500 mg) or silica cartridges (5 g), which were conditioned with 5 mL of
the solvent used for elution. Afterwards, FTOH were eluted from the cartridges with 5 mL
acetonitril or acetone/MTBE (1/1), respectively. Eluates were concentrated to 0.2 mL. Then

FTOH were determined by GC-MS after addition of the injection standard 9:2 FA.

2.8 Determination of PFOA and PFOS in deposition samples collected at
three sites in the Alps

Spare samples of three bulk deposition samplers, collected for the monitoring of POPs in the
Alps (Monarpop, 2008), were analysed for PFOA and PFOS. Samplers were located close to
the summits of the mountains Sonnblick (3100 m above sea level (a.s.l.)), Austria,

Weissfluhjoch (2663 m a.s.l.), Switzerland, and Zugspitze (2650 m a.s.l.), Germany (Figure 8).
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Figure 8: Location of deposition samplers in the Alps (Monarpop, 2008).

Samplers were equipped with heated glass funnels (diameter: 26 cm) and cartridge chambers to
melt snow and to avoid frost shattering (Monarpop, 2008) (Figure 9). Bulk deposition samples
were collected from June 2007 until July/August 2008 using cartridges filled with XAD-2
resin. The cartridges were exposed to ambient air for approximately three month (Table 9). For

the sampling period Spring 2008, a sample from Weilfluhjoch (CH) was not available.

glass funnel
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Figure 9: Deposition sampler (Monarpop, 2008).
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Table 9: Sampling periods for the determination of PFOA and PFOS deposition at three sites in the Alps.

Location Autumn 2007 Winter 2008 Spring 2008 Summer 2008
Zugspitze (D) 20.6.-4.10.07  4.10.07-14.1.08 14.1.-2.4.08 2.4.-29.7.08
WeiBfluhjoch (CH)  25.6.-1.10.07  1.10.07-23.1.08 n.a. 25.4.-7.8.08
Sonnblick (AT) 19.6.-28.9.07  28.9.07-17.1.08  17.1.-20.3.08 20.3.25.7.08

n.a.: not analysed

Because FTOH in the atmosphere are predominatly present in the gaseous phase (Dreyer et al.,
2009b), deposition of FTOH was expected to be of minor importance. Furthermore, this
sampling setup is not suited for the determination of FTOH deposition. FTOH adsorbed to
XAD of the samplers cannot be inevitably attributed to deposition, because gaseous FTOH can
also directly adsorb to the XAD. In this case, the sampler would act as a passive air sampler. In
contrast, atmospheric PFOA and PFOS are predominatly present in the particle phase. Thus,
the sampling set-up should be suitable for the determination of the deposition of PFOA and
PFOS.

If the XAD-2 of the deposition samplers was wet, it was dried by a stream of nitrogen for four
hours prior to analysis. Mass labelled PFOA and PFOS were added as internal standard prior to
the extraction. PFC were extracted by three times using 80 mL of methanol. The methanol
fractions were combined. The extracts were concentrated to 2 mL by rotary evaporation and
cleaned up using ENVI-Carb SPE cartridges. PFC were eluted with 5 mL methanol,
concentrated to 1 ml, and transferred into an LC vial. 9:2 FA was added as internal injection
standard. PFC were determined by UPLC-TOF MS.

Depositon of PFOA and PFOS was calculated by normalizing the amount of PFOA and PFOS

in the sampler by the sampler area and the sampling time.

2.9 FTOH in housedust

The following analytical method was tested for FTOH determination in indoor dust. For this
purpose, dust samples from two flats of Munich, Schwabing were analysed. 0.5 g of the
homogenised samples were weighed into an Erlenmeyer flask and mass-labelled FTOH
standards and 100 mL acetone/MTBE (1/1) were added. The samples were extracted for 1 hr
by ultrasonic extraction. Extracts and dust were transferred into an empty glass column with an

incorporated frit for filtration and were eluted into a round flask. The column with the dust
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sample was filled again with 20 mL acetone/MTBE (1/1) for 1 h and afterwards eluted into the
same round flask. This was repeated once. The combined extracts were evaporated to a volume
of 1 mL. Extracts were transferred onto EnviCarb (250mg) cartridges, which were conditioned
with 5 mL acetone/MTBE (1/1). The cartridges was eluted with 5 mL acetone/MTBE (1/1) and
evaporated to 0.2 mL. Eluates were transferred into GC-vials and the internal standard 9:2 FA
was added. FTOH were determined by GC-MS as described in section 2.12.

The method described above was applied for five housedust samples that were analysed for
their content of FTOH. These samples were provided by the Department of Environmental

Health, Bavarian Health and Food Safety Authority and were already homogenised.

2.10 PFC in household consumer products

2.10.1 Analysis of PFC in household consumer products

Ten impregnating agents obtained from nine different companies, six cleaning agents, four
lubricants or corrosion inhibitors, three wood and leather conditioners, one fire fighting foam,
and one pesticide formulation were analysed. All investigated agents were produced for private
households and are applied as sprays. They were provided for a pure, non-diluted application.
All the products, except for one impregnating agent which was purchased in Brazil, were
obtained in Germany. Eight of the products were labelled as “PTFE”, “fluorocarbon resin”, or
“fluoro additive” containing agents.

The liquids of the consumer products were diluted in methanol 1:100 by volume. 250 uL of the
dilution, 250 pL of subboiled water, 20 uL of a solution containing mass-labelled 6:2 FTOH,
8:2 FTOH, 10:2 FTOH, PFOA, and PFOS (1 ng pL'l), and 20 pL of the injection standard
9:2 FA (1 ng pL'l) were added into a LC glass vial. 6:2 FTOH, 8:2 FTOH, 10:2 FTOH, PFOA,
and PFOS were determined by UPLC-TOF-MS as described in section 2.7. Since 4:2 FTOH
could not be determined by LC-MS, GC-MS was applied to detect this compound.

2.10.2 Calculation of consumer exposure
The daily uptake dose of PFC originating from analysed household agents (Dgpray _inhal; (ng

kng'1 day'l)) was calculated using a model developed by Trudel et al. (2008) (equation 5).
This research group estimated the uptake of PFOA by inhalation of spray droplets generated by
application of consumer products for a conservative high exposure scenario. To assure
comparability of results generated in this thesis and results of Trudel et al. (2008), all

parameters except for the market fraction were adopted from Trudel et al. (2008).
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D ‘ — Cspray - MF, spray f exp ! spray " Vspray F resp 'Vinh _(ts'pmyNF + tSpmyfFF j F (5)
spray _inhal uptake
mBW VNF VFF
with
Cspray: concentration of PEC in impregnation sprays (ng g)
MFgpray: market fraction of consumer products containing PFC
Jexp: frequency exposed to consumer products (0.0120548 day’l)
Lspray spraying time (30 min)
Tspray: rate of spray emission (42 g min'l)
Fregp: fraction of respirable aerosols generated (0.002589)
Viah: inhalation rate (1.6 m’ hour'l)
fspray_NF: time exposed to aerosols in the near-field (1 hour)
VNE: near-field volume around consumer (1 m3)
fspray_FF: time exposed to aerosols in the far-field (4 hour)
VEE: far-field volume around consumer (49 m3)
My body weight ( 60.4 kg),
Fuptake: uptake fraction of PFC via the lungs (1)

Daily human PFC exposure was calculated for three different scenarios. In scenario I, the
average PFC concentration of the consumer products was used for exposure calculations and
the market fraction of consumer products was calculated by dividing the number of detections
of one PFC in consumer products by the number of investigated consumer products. PFC
exposure calculation in scenario II was similar to that of Trudel et al. (2008). Average PFC
concentrations were used and the market fraction of PFC containing consumer products was set
to 0.5. Scenario III represents a worst case situation, assuming that consumers are only using
the product with the highest PFC concentration. Thus, the maximum value for PFC
concentration was used for exposure calculation and the market fraction was set to 1. More

information about uptake calculation and exposure scenarios are given in Trudel et al. (2008).

2.11 Analysis of PFC in water and soil samples collected in the national park
Serra dos Orgaos, Brazil
The national park Serra dos Orgdos is located approximately 200 km north of Rio de Janeiro,

Brazil. Water and soil samples were collected at four sites along an altitudinal transect between
900 m and 2200 m a.s.l.. One liter of surface water was sampled at four different brooks at
altitudes of 900 m, 1500 m, 1800 m, and 2000 m a.s.l.. Mass-labelled PFOA, PFOS, 4:2 FTOH,
6:2 FTOH, 8:2 FTOH and 10:2 FTOH were added to the samples. PFC were extracted by SPE
using WAX cartridges. The cartridges were dried by nitrogen for 1 hour, frozen at -20°C, and

transported to Helmholtz Zentrum Miinchen. There, cartridges were eluted with 5 mL of

34



Material and Methods

methanol. Eluates were concentrated to 0.5 mL and transferred into LC-vials. 9:2 FA was
added as injection standard and PFC were determined by UPLC-TOF- MS.

Four topsoil samples were collected at sites close to the water sampling locations. They were
filled in polypropylene bottles and kept frozen at -20°C until analyis at the HMGU. 10 g of soil
were extracted with 100 mL of methanol applying ultrasonication for 1 hour. Prior to the
extraction mass-labelled PFOA and PFOS were added to the sample. Extraction was repeated
twice with 50 mL of methanol. Supernatant extracts were combined, concentrated to 5 mL and
centrifuged. SPE-EnviCarb cartridges were used for purification. PFC were eluted with 5 mL
of methanol. After concentration to 1mL and addition of 9:2 FA as injection standard, PFOA
and PFOS concentrations were determined by UPLC-TOF-MS.

2.12 Chromatographic separation and detection of PFC

2.12.1 PFC determination by nanoflow Aquity UPLC-TOF-MS
6:2 FTOH, 8:2 FTOH, 10:2 FTOH, PFOA, and PFOS were determined by nanoflow Aquity
UPLC (Waters, Milford, USA) coupled to a Q-TOF2 mass spectrometer (micromass,

Manchester, UK) using negative electrospray ionisation (Table 10).

Table 10: PFC target ions and retention times for determination by UPLC-TOF-MS.

Analyte UPLC-MS UPLC-MS
target ion retention time
(m/z) (min)
6:2 FTOH 422.7 15.63
8:2 FTOH 522.6 16.27
10:2 FTOH 622.6 16.88
PFOA 412.8 14.21
PFOS 498.7 14.71
ML6:2 FTOH 426.8 15.63
MLS:2 FTOH 526.8 16.27
ML10:2 FTOH 626.7 16.88
MLPFOA 416.8 14.21
MLPFOS 502.8 14.71
9:2 FA 572.6 16.77

m/z: mass to charge ratio

The injection volume was 1 pL. Analytes were trapped on a Symmetrie C-18 column (Sum,
180um x 20mm) for 4 min and separated on a BEH130 C-18 column or a Atlantis C-18
column, (both 17um, 75um x 150mm, all Waters, Milford, USA) with a 2 mM ammonium

acetate mobile phase composed of water and methanol. The solvent gradient started with 15%

35



Material and Methods

methanol and increased to 100% methanol after 8 min. After 25 min, it returned to initial
conditions. The flow continued for another ten minutes. The flow rate was 0.4 ul min” at a
column temperature of 30°C. Electrospray capillary voltage was 1800 kV, collision energy was

11 eV, and MS cone voltage was set to 17 V. FTOH were detected as acetate adducts [M+59].

2.12.2 PFC determination by GC-MS
4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH were determined by GC-MS applying

positive chemical ionisation (Table 11). Measurements were performed in selected ion
monitoring mode using an HP 5890 Series II gas chromatograph (Agilent Technologies,
Waldbronn, Germany), coupled to a Finnegan Mat SSQ 7000 mass selective detector (Thermo
Scientific, Dreieich, Germany). The GC was equipped with a 60 m VMS column (0.25 mm
inner diameter, 1.4 um film thickness; Restek, Bad Homburg, Germany). Helium (purity 5.0,
Linde, Hollriegelskreuth, Germany) was used as carrier gas with a constant column head
pressure of 175 kPa. Total helium flow was set to 80 sccm. Injections were performed in
splitless mode at 220°C with an injection volume of 1 pL. The oven temperature program was
as follows: Initial temperature was hold at 50°C for 2 min, then elevated to 80°C at 10°C min'l,
to 110°C at 5°C min™' and held for 3 min, and finally elevated to 220°C at15 °C min’' and held
for 15 min. The transfer line was set to 300°C. Ionisations in the mass selective detector were
performed at 70 eV, a manifold temperature of 80°C, and a source temperature of 150°C.
Methane (purity 4.5, Linde, Hollriegelskreuth, Germany) was used as reagent gas with a

pressure between 1600-2000 mTorr.

Table 11: PFC target ions and retention times for determination by GC-MS.

Analyte GC-MS GC-MS
target ion retention time
(m/z) (min)
4:2 FTOH 265 13.7
6:2 FTOH 365 17.2
8:2 FTOH 465 19.6
10:2 FTOH 565 21.3
ML4:2 FTOH 269 13.7
ML6:2 FTOH 369 17.2
MLS:2 FTOH 469 19.6
ML10:2 FTOH 569 21.3
9:2 FA 515 20.7
7:1 FA 401 18.1
8:1 FA 451 18.9
9:1 FA 501 20.4

m/z: mass to charge ratio

36



Material and Methods

For PFC determination and recovery experiments, four point calibrations were carried out at
the beginning and at the end of each sequence. Peak areas of target ions (TI) were integrated, if
a signal to noise ratio of 3/1 was exceeded. Analytes were identified by their retention times
and mass of TI, compared to those of the four point calibration and those of the isotope labelled

standards.

2.13 Quantification of PFC

PFC were quantified, when the obtained peaks exceeded a signal to noise ratio of 5/1.

Recoveries and concentrations of PFC in environmental samples were obtained by internal

standard quantification method. PFC concentrations in samples were calculated using equation
6.

IS1)* A(i

i) = c(I51)* AG)

(6)
A(IS1)
c (1): concentration of compound i in the sample (ng mL™)
c(IS1): spiked concentration of the internal standard 1 in the sample (ng mL™)
A (i): peak area of compound i
A (IS1): peak area of IS1

In recovery experiments only native PFC were spiked to the samples. Thus, for calculation of
PFC concentrations and recoveries obtained from these experiments, response factors (RF)
were necessary. RF were also required for the calculation of recoveries of mass labelled PFC in
environmental samples and to verify PFC concentrations obtained by equation 6. RF were
calculated by linear regression of every compound i by plotting A(i)/A(IS2) versus m(i)/m(IS2)
for calibration curve standards. The inclines of the calibration curves are equivalent to the RF
(Oehme, 1996).

Analyte concentrations in environmental samples and in recovery experiments were calculated
by equation 7, which is achieved by transforming of the regression equation obtained from the

calibration curve plot.

()= _AQ . cl1s2)

A(IS2) RF(i) @)
A (1): peak area of compound i

A (IS2): peak area of IS2

c (IS2): concentration of IS2 (ng mL™)

c (1): detected concentration of compound i (ng mL™)
RF (i): response factor of compound i
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Recoveries of analytes and IS1 in samples and for recovery tests were calculated as shown in

equation (8).

.~ c(@)*100
R(i) =—~— ®)
c(i,)
R@): recovery of compound i (%)
c (i): concentration of compound i calculated by equation 7 (ng mL™)
c(is) spiked concentration of compound i in the sample (ng mL™")
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3 Results and Discussion

3.1 Optimisation of PFC determination by nanoflow UPLC - TOF MS
Differences in peak shapes and separation applying the Atlantis and the BEH analytical column

were negligible. More important were the applied flow rates for gradient elution. A flow rate of
0.4 uL min™" generated good peak shapes. However, due to elevated system pressure, flow rate
often had to be reduced to 0.25 pL min™.

Ionisation, and thus peaks of PFOA, PFOS, and FTOH were not obtained applying methanol
and water without an ammonium acetate buffer. The use of 2mM and 10mM buffered gradient
elution resulted in the same PFC peak abundance. To prevent precipitation of the buffer in the
UPLC-MS system, 2mM buffered methanol and water were used for gradient elution.

For electro spray ionisation similar peak abundances were obtained for 1800 and 2000 V
capillary voltage. Ionisation of PFC was strongly influenced by cone voltage and collision
energy. Application of 17 V cone voltage and 11 eV collision energy resulted in best peak
abundances. Thus, the overall settings that were chosen for the determination of PFC were
1800 V capillary voltage, 17 V cone voltage, and 11 eV collision energy. This setting enabled
simultaneous sensitive detection of PFOA, PFOS, and FTOH.

3.2 Method development for the determination of FTOH in SPMD

3.2.1 Purification of SPMD extracts by GPC
After separation of FTOH and triolein by GPC, FTOH were detected only in the first fraction

(22-32 min). Recoveries were 3% (4:2 FTOH), 10% (6:2 FTOH), 12% (8:2 FTOH), and 13%
(10:2 FTOH), and thus too low for an accurate separation from triolein and a reliable
quantification of FTOH in SPMD.

When FTOH were injected into the GPC without triloein, FTOH were observed in all the three
collected fractions (Table 12). However, recovery rates of FTOH were too high (up to 800%).
There is not any explanation for this, since the same standard solution was used in both
experiments. The majority of 10:2 FTOH was eluted in the fraction 0-16 min. Most of 4:2
FTOH, 6:2 FTOH, and 8:2 FTOH were detected in fraction 16-24 min. In this fraction triolein
elutes as well. Thus, a separation of triolein and FTOH was not possible using GPC. Elution of
FTOH extended for more than 30 min. This is also a great disadvantage, as it increases the
solvent volume for elution and thus the time that is necessary for sufficient evaporation as well

as the potential for analyte losses.
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Table 12: FTOH recovery rates (%) in gel permeation chromatography eluates without triolein.

Substance Recovery (%) Recovery (%) Recovery (%)
fraction 0-16 min fraction 16-24 min  Fraction 24-34 min

4:2 FTOH 0 36 0

6:2 FTOH 12 788 1.4

8:2 FTOH 256 480 1.4

10:2 FTOH 614 191 2.9

It was expected that triolein eluates earlier than FTOH, because theoretically substances of
higher molecular weight elute earlier than those with lower molecular weight during size
exclusion chromatography. However, FTOH eluted at the same time and even earlier than
triolein although molecular weight of triolein is 1.6 to 3.4 times higher than the molecular
weights of FTOH. These results may be explained by the formation of FTOH micelles, which
will lead to an increasing FTOH particle size and mass (Kissa, 1994) and thus to an earlier
elution. Additionally, all of the tubes of the GPC were made of Teflon® and can cause sorption
of FTOH to the pipe walls and contamination of the following samples. Therefore GPC is not

suitable for clean-up of SPMD extracts intended for the determination of FTOH.

3.2.2 Purification of SPMD extracts by solid phase extraction

There always was a breakthrough of triolein when SPE cartridges used for purification of
SPMD extracts were eluted with EtAc or MeOH/EtAc (1:1). Thus, EtAc and MeOH/EtAc (1:1)
as used by Martin et al. (2002) for the elution of high vol PUF/XAD/PUF cartridges were not
suitable for cartridge elution. Due to their high content of triolein, samples were not measured
to avoid contamination of the GC-MS system. Triolein content in eluates decreased with
increasing polarity of the solvent that was used for elution (Table 13). For removal of triolein

from SPMD extracts, elution with MeOH showed the best results.

Table 13: Mean FTOH recoveries (R, %, n=3) of different solvents used for elution of C18-E (500 mg)

cartriges

R (%) R (%) R (%) R (%) R (%)

MeOH MeOH MeOH/EtAc  MeOH/EtAc MeOH + EtAc 5

S mL 8 mL (2/1) 5 mLL (1/1) S mLL mL +3 mL
4:2 FTOH 51 43 50 35 37
6:2 FTOH 43 53 59 45 49
8:2 FTOH 24 49 53 40 43
10:2 FTOH 29 60 61 43 46
Triolein- successful  successful insufficient insufficient insufficient

removal
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In order to further increase the recovery rates of long chain FTOH, the elution volume of
MeOH was increased from 5 to 8 mL. This resulted in an improvement of the recovery rates.

For further improvement of FTOH recoveries, different SPE adsorbents were tested which
were eluted with 5 mL of MeOH/EtAc (2/1 v/v). Results are presented in Table 14. Retention
of triolein was insufficient for SDB-L cartridges. These samples were not measured to avoid
GC-MS contamination by matrix. Elution of C18-E (500 mg) + Carboxen (100 mg) with
MeOH/EtAc 2/1 resulted in best triolein removal and highest FTOH recoveries. However,
recoveries were still not satisfactory. Elution of this adsorbent combination was repeated with 5

mL of MeOH/EtAc 1/1. However, this resulted in a breakthrough of triolein (Table 14)

Table 14: Mean FTOH recoveries (R, %, n=3) applying different SPE adsorbents.

R (%) R (%) R (%) R (%)

Adsorbent C18-E(1g) Ci18(1¢g) C18-E (0.5 g) + C18-E (0.5¢g) +
Carboxen (0.1g) Carboxen (0.1g)

Elution MeOH/EtAc MeOH/EtAc MeOH/EtAc MeOH/EtAc

2/1) 2/1) (2/1) 1/1)

4:2 FTOH 41 40 45 49

6:2 FTOH 47 43 53 51

8:2 FTOH 33 32 45 39

10:2 FTOH 28 28 46 46

Triolein- successful successful successful insufficient

removal

3.2.3 Optimisation of SPMD extraction

Extraction solvents for SPMD were compared as described in section 2.4.3. Extracts of SPMD
slices in acetone and EtAc could not be rotary evaporated to 1 mL because of a high amount of
dissolved triolein. Thus, the experiment was stopped and FTOH were not measured in acetone
and EtAc extracts. Liquid-liquid extraction of those extracts with Hex or ACN were not
performed, because solvents are miscible in each other. FTOH recoveries of other extraction
solvents are presented in Table 15.

Best triolein removal was achieved by extraction of SPMD with ACN followed by liquid liquid
extraction with HEX. After rotary evaporation, triolein was not visible in the flask anymore,
which was in contrast in MeOH extracts. Extraction with MeOH as only solvent resulted in
best recoveries. However, even after liquid-liquid extraction with HEX, triolein was visible in
MeOH extracts after rotary evaporation. These results may be explained by a better solubility
of triolein in MeOH. Moreover, HEX and MeOH are partly miscible and thus only suited to a

limited extent for liquid liquid extraction.
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Table 15: Mean FTOH recoveries (R, %, n=3) of extraction of SPMD with MeOH or ACN, optionally
followed by liquid-liquid extraction with Hex.

R (%) R (%) R (%)
MeOH MeOH ACN
Hex Hex

4:2 FTOH 47 37 42
6:2 FTOH 57 45 52
8:2 FTOH 63 57 64
10:2 FTOH 63 56 57
Triolein- insufficient insufficient successful
removal

3.2.4 Final analytical method for the determination of FTOH in SPMD

The method of choice with best triolein removal and acceptable FTOH recoveries was liquid
liquid extraction with ACN/HEX 1/1 without further purification as described in section 2.4.6.
FTOH recoveries of this procedure are below of the optimum range between 70 and 110%
(Table 16). However, due to the high volatility of FTOH, particularly of 4:2 FTOH, it is very
difficult to find a method with better recoveries. Volume concentration of extracts and eluats
are critical steps concerning loss of FTOH during the clean-up step. In literature, recoveries
higher than 70% for 6:2 FTOH, 8:2 FTOH and 10:2 FTOH were mostly achieved, when only
one concentration step was applied during the analytical procedure (Martin et al., 2002; Shoeib
et al., 2005a; Jahnke et al., 2007b). Moreover, the use of EtAc during analysis, which was
applied in the above mentioned studies, as well, can result in a signal enhancement during GC-
MS determination (Dreyer et al., 2008). When other solvents were used, recovery rates

between 25% and 60% were achieved for volatile PFC (Dreyer et al., 2009a).

Table 16: Mean recovery rates (%, n=3) and absolute standard deviations for the determination of FTOH

in SPMD
Recovery Standard
rate (%) deviation
4:2 FTOH 38 8
6:2 FTOH 56 13
8:2 FTOH 64 10
10:2 FTOH 62 10
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3.3 Accumulation and elimination of FTOH in SPMD

3.3.1 Analytical parameters and quality assurance
FTOH were detected in blank samples of GCE I, GCE II, and of experiments investigating

FTOH migration out of SPMD into air. In all of these experiments high FTOH levels were
involved (10,000 pg and 25 pg). In blank SPMD samples, FTOH were detected in a range
between 0.005-0.02 pg, probably due to carry over during rotary evaporation. However,
compared to the overall amount of FTOH, contamination was insignificant and results were not

blank corrected.

3.3.2 FTOH migration out of SPMD
3.3.2.1 FTOH migration out of SPMD into air

Air temperatures during the time of SPMD deployment were between 5 and 22 °C and almost
always above the melting point of triolein (5°C). Considering the volatility and molecular
structure of the four investigated FTOH, it is expected that migration of those substances into
air decreases with increasing chain length. However, a dependence of FTOH chain length was
not observed (Figure 10). After 64 days of deployment, the content of FTOH in SPMD
diminished by approximately 20%. Migration of FTOH out of SPMD was assumed to follow
first order kinetics. An independent release of FTOH from SPMD at the beginning of the
experiment followed by first order kinetics is another possibility. The highest decline of FTOH
concentration over time was observed for 6:2 FTOH (Figure 10). The decrease of the 4:2
FTOH content in SPMD over time was lowest. However, since highest standard deviations
were involved with the 4:2 FTOH decline, this result has to be considered with caution. Due to
problems during GC-MS determination, only one value was achieved for 64 days of
deployment and therefore means and standard deviations of the FTOH decline could not be

calculated.
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Figure 10: Decrease of FTOH content (ug) in SPMD over time during field deployment (n=3; Initial mass:
25 pg).

FTOH release rates calculated for the four sampling intervals were decreasing over deployment
time (Table 17). Because of the high standard deviations of 4:2 FTOH, this compound was
excluded from release rate calculations. Since the FTOH amounts in SPMD were elevated after
32 days compared to values after 16 days, the last two periods (interval 16-32 days and interval
32-64 days) were combined for determinations of release rates. For the first (days 0-8) and the
third period (days 16-64) release rates were decreasing with FTOH chain length. In the second
period (days 8-16), release was increasing with FTOH chain length.

Table 17: FTOH release rates of in SPMD during field deployment.

Compound Release rates Release rates Release rates

days 0-8 days 8-16 days 16-46
(ng d) (ngd™) (ngd”)
6:2 FTOH 12.0 3.2 2.4
8:2 FTOH 8.0 4.8 1.5
10:2 FTOH 2.3 15.6 0.7
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3.3.2.2 FTOH migration out of SPMD into solvent
For dialysis extracts different results were obtained for individual FTOH (Table 18). After the

first dialysis, 6.8% (10:2 FTOH) to 20% (4:2 FTOH) of the spiked amounts were observed. In
extracts of the second dialysis, 4:2 FTOH was not detectable. Of the remaining FTOH, 1.5%
(10:2 FTOH) to 3.0% (8:2 FTOH) were recovered. In the final liquid-liquid extraction of the
SPMD slices, 9.9% (4:2 FTOH) to 63% (6:2 FTOH) were observed. FTOH yields of the
different extraction steps were highly variable, resulting in strongly elevated standard
deviations. Overall between 54% (4:2 FTOH) to 70% (10:2 FTOH) of the spiked FTOH

amount was detected and quantified in total.

Table 18: Mean FTOH Recovery (R; %; n=3) and absolute standard deviations (SD) of three extraction
steps (dialysis (DE) and liquid-liquid extraction (LLE)).

Compound DE 1 DE 2 LLE3 ¥ SPMD
R(%)+SD R (%)+SD R (%) £ SD R (%)
4:2 FTOH 20+ 12 n.d. 10 + 136 30
6:2 FTOH 10 + 60 2495 63 + 50 75
8:2 FTOH 10+ 74 3+67 33+52 46
10:2 FTOH 7+ 106 2+99 55+59 64

3.3.3 FTOH migration from air into SPMD and pure triolein

3.3.3.1 High FTOH level experiments
In GCE I, (10,000 ug FTOH, 3 SPMD), around 40% and 29% of spiked 6:2 FTOH and

8:2 FTOH, respectively, were detected in SPMD (Table 19). 4:2 FTOH and 10:2 FTOH
recoveries were one to two orders of magnitude lower, respectively. Low recovery rates may
have resulted from adsorption of FTOH to the glass chamber, or, particularly for 10:2 FTOH,

from an incomplete evaporation from the beaker.

Table 19: FTOH recovery rates (R; % of initial mass 10,000 png) detected in three SPMD analysed
completely (GCE I).

Compound SPMD1 SPMD2 SPMD3 ¥ SPMD
R (%) R (%) R (%) R (%)

4:2 FTOH 3 2 2 7

6:2 FTOH 16 12 13 41
8:2 FTOH 11 9 9 29
10:2 FTOH 0.3 0.3 0.3 0.9

In GCE 1I (10,000 ug FTOH, 4 SPMD, 0.7 mL pure triolein, and rinse solvent), 1.2%, 3.3%,
14% and 30% of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, respectively, were
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detected in triolein exposed to FTOH without PE tubing (Table 20). 2.1%, 9.7%, 29%, and,
16% of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, respectively, were found in SPMD
1 and 2 that were completely analysed. Total FTOH amounts in those SPMD whose tubings
and triolein were analysed separately, were in the same order of magnitude as the completely
analysed SPMD. A high amount of all FTOH was detected in the membrane of the SPMD
analysed separately. Since it was assured that at least 95-99% of the triolein was withdrawn
during separation of triolein and tubing, it was assumed that a great portion of FTOH was
adsorbed at or absorbed into the membrane. Long-chain FTOH, particularly 10:2 FTOH, were
also detected in the solvent, which was used to rinse the outside of the membrane. This may
point at condensation of the less volatile long-chain FTOH or their hindered diffusion through

the PE membrane.

Table 20: FTOH recovery rates (R; % of initial mass 10000 pg) detected in completely analysed SPMD
(SPMD 1 and 2), separately analysed membranes (Mem 3 and 4), triolein (Trio 3and 4), and rinse
solvent (rinse 3 and 4) of SPMD 3 and 4, and pure triolein (Trio) exposed without tubing in GCE
II (n.d.: not detecable).
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3 v 2% 2% 2% 2% 2% ¥ g¥ ¥ ¥
4:2 FTOH 1.2 1.1 1.0 n.d. n.d. 0.3 04 0.6 0.3 3.5
6:2 FTOH 3.3 477 5.0 n.d. n.d. 1.7 1. 3. 1. 1
8:2 FTOH 14 14 1 0.01 0.01 4.6 4.6 8.0 3.3 48
10:2 FTOH 30 7.9 8 0.1 0.1 3. 3.4 3.4 2.7 27

3.3.3.2 Low FTOH level experiments
In GCE III total amounts of 34%, 83%, 59%, and 4.5% of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH,

and 10:2 FTOH, respectively were determined in 3 beakers with 0.7 ml triolein, each (Table
21). 0.1%, 8.1%, 27%, and 4.1% of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH,

respectively, were still present in the beaker.

Table 21: FTOH recovery rates (R, % of initial mass 0.2 pg) detected in Triolein exposed without tubing in
GCE IIL

Compound R (%) R (%) R (%) R (%) R (%)
Trio 1 Trio 2 Trio 3 Y Trio Beaker

4:2 FTOH 11 13 10 34 0.1
6:2 FTOH 27 32 23 83 4.1
8:2 FTOH 21 22 16 59 13
10:2 FTOH 1.9 1.7 1.0 4.6 2.1
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In GCE IV (0.1 pg FTOH, 3 SPMD), total amounts of 28%, 6.5% 6.4% and 1.6% of
4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, respectively were observed in SPMD
(Table 22). 4.1% of 8:2 FTOH was still present in the beaker. 4.0%, 19%, and 5.4% of
6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, respectively, were determined at the inner side of the

glass chamber.

Table 22: FTOH recovery rates (R, % of initial mass 0.1 pg) detected in SPMD in GCE IV (n.d.: not
detectable).

Compound R (%) R (%) R (%) R (%) R (%) R (%)
SPMD1 SPMD2 SPMD3 YSPMD Beaker Chamber

4:2 FTOH 7.1 12 9.6 28 n.d. n.d.
6:2 FTOH 1.6 3.0 2.0 6.6 n.d. 4.0
8:2 FTOH 1.7 2.7 2.1 6.5 4.1 19.2
10:2 FTOH 0.2 0.6 0.8 1.6 n.d. 54

3.3.4 Evaluation of SPMD as passive air samplers for FTOH
As described in section 3.3.3, FTOH accumulated differently in SPMD in dependence on the

concentration level. For low FTOH levels (section 3.3.3.2), only 4:2 FTOH was observed at an
increased amount (28%) in SPMD after 15 days of exposition. The longer the fluorinated alkyl
chain the less FTOH were detected (1.6 — 6.6%). A strong increase of 6:2 FTOH and 8:2 FTOH
uptake was observed in experiments where pure triolein was involved (GCE III). Detected
6:2 FTOH and 8:2 FTOH amounts in these experiments were even higher than those of
4:2 FTOH. This might have resulted from lower vapour pressures of long-chain FTOH
compared to short-chain FTOH resulting in a lower revolatilisation from triolein. 10:2 FTOH
accumulated in triolein only to a small amount, probably because it is the most oleophobic
compound of the investigated FTOH. Enrichment of FTOH in pure triolein is dependent on the
FTOH’s partition coefficient between air and triolein (Kra). However, until to now, only
octanol-air-partition coefficients (Koa) (Lei et al., 2004; Goss et al., 2006; Thuens et al., 2008)
were determined for FTOH. Kra are not available. For non-fluorinated organic compounds,
Kra values can easily be derived from Koa values (Huckins et al., 2006). However, the unique
physicochemical properties of fluorinated compounds may hamper this estimate procedure.

In general, SPMD used as passive air samplers accumulate only noncharged gas-phase
molecules with a molecular mass less than approximately 600 amu and an octanol-water-
partition coefficient log Kow > 3 (Petty et al., 2000). The molecular weights of analysed FTOH
are in the range between 264 and 564 amu and estimated log Kow values are between 3.3 and
7.6 (Arp et al., 2006; Carmosini and Lee, 2008). Considering the physico chemical constants
mentioned above, SPMD are supposed to be suited for FTOH air sampling. However, FTOH
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partitioning to SPMD seemed to be hampered as observed during the conducted experiments.
FTOH uptake may depend on different molecular structure as well as on oleophobicity of the
fluorinated alkyl chain, which increases with chain length. Due to the differences between
uptake in pure triolein and in SPMD (see section 3.3.3.2), we assume that enrichment,
especially of long-chain FTOH, is limited by the PE membrane that acts as a control barrier
and hampers the system reaching its equilibrium. Thus, in addition to air and triolein, the
membrane has to be considered as a third component, for experiments determining the
partitioning coefficients between SPMD/triolein or their calculation from other physical
chemical properties.

At high FTOH levels (GCE I and GCE 1I), detected 4:2 FTOH concentrations in SPMD were
lower than those of 6:2 FTOH, 8:2 FTOH, and for GCE II even lower than 10:2 FTOH. Thus,
migration through the membrane and accumulation of long-chain FTOH was improved at
higher concentrations. A reason for this observation may be the arrangement of FTOH as
micelles (Kissa, 1994) or the adsorption of FTOH to the surface of membrane cavities that
facilitate transport of other FTOH molecules. In GCE II, it was observed that four SPMD
accumulated more FTOH than 0.7 mL of pure triolein, probably due to a higher surface-area to
volume ratio of SPMD compared to pure triolein. Thus, at high FTOH concentrations, uptake
seemed to be less membrane-controlled and partitioning between air and triolein becomes more
important.

The results mentioned above were confirmed by experiments investigating FTOH migration
out of SPMD, as well. During field deployment FTOH concentrations in SPMD decreased in
the order of 4:2 FTOH, 8:2 FTOH, 10:2 FTOH, and 6:2 FTOH. However, due to its high
standard deviations, the 4:2 FTOH release has to be considered with caution. For the periods
between sampling, release rates were mostly decreasing with FTOH chain length. Due to
applied high FTOH concentrations, FTOH release was less membrane controlled, but more
dependent on the compounds volatility and partitioning between air and triolein.

In the presence of organic solvents, migration of FTOH out of SPMD spiked at low FTOH
levels seemed to be membrane controlled, as well. Dialysis extraction of SPMD resulted in
highest FTOH yields for short-chain FTOH, whereas 10:2 FTOH was only efficiently extracted
when the membrane was cut and FTOH could directly move from triolein to the extraction
solvent. It was not possible to explain the incomplete recovery of FTOH in this experiment.
Thus, it was assumed that the different polarity of the used solvent mixtures was of minor
importance. The application of less polar acetone/MTBE was supposed to facilitate the

extraction of long-chain FTOH in contrast to ACN/HEX. The latter should have enhanced
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extraction of the short-chain FTOH. However, these effects were not observed. For the first
dialysis extraction with acetone/MTBE, highest FTOH yields were obtained for the relatively
polar short-chain FTOH. FTOH yields of the second dialysis were quite low and therefore less
important. Also, the results for the final liquid liquid extraction with ACN/ HEX revealed no
influence of solvent polarity. However, extraction efficiency was highly dependent on the
presence of the PE membrane.

Results of conducted experiments reveal that passage through the membrane was influenced by
the applied FTOH amount. If FTOH enrichment in SPMD actually depended on air
concentration, this fact has to be considered for sampler calibration, i.e. for the determination
of sampling rates. For field sampling, the application of suited performance reference
compounds is absolutely essential.

When SPMD are deployed in the field, uptake of FTOH might additionally be influenced by
particles adsorbed to the outside of the membrane. Reminding the low percentage of FTOH
amounts that were detected after 15 days in SPMD (GCE 1V), one should keep in mind that
sampling durations of SPMD is usually in the range of one year, or partly longer. Thus, the
sampling yield may be better after a longer sampling interval. However, this has to be
evaluated in further studies.

Given the obtained results and methodology it is not recommend to use SPMD as FTOH
passive samplers. There might be the potential to apply them at highly contaminated sites, but
the incidence of such concentrations is rather unlikely. In remote areas, XAD impregnated PUF
disks (Shoeib et al., 2008) are the better choice, because analyte accumulation only depends on
adsorption capacity and SIP-air-partitioning and is not additionally hampered by a membrane

acting as a control barrier.

3.4 Comparison of SPMD with XAD impregnated PUF disks and high
volume active sampling for determination of FTOH in air

3.4.1 Estimation of SPMD sampling rates and calibration of SPMD by High
volume active sampling
During an one year deployment, FTOH were only identified occasionally in SPMD. 4:2 FTOH

and 6:2 FTOH were not detected in any of the samples. In SPMD of the first three periods
(April-September 2007), low amounts of 8:2 FTOH and 10:2 FTOH were observed, whereas in
SPMD of the last three periods (October 2007-March 2008) FTOH were not detected at all
(Table 23).
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Table 23: FTOH content (pg) in SPMD during sampling periods I-VI (n.d.: not detected).

FTOH FTOH FTOH FTOH FTOH FTOH

(pg) (pg) (pg) (pg) (pg) (pg)

Period 1 Period I Period III Period IV  Period V  Period VI
4:2 FTOH n.d. n.d. n.d. n.d. n.d. n.d.
6:2 FTOH n.d. n.d. n.d. n.d. n.d. n.d.
8:2 FTOH 4851 3003 5005 n.d. n.d. n.d.
10:2 FTOH 1952 779 2059 n.d. n.d. n.d.

For the calculation of FTOH air concentrations, SPMD were calibrated using data obtained
during the first three sampling periods. Sampling rates were calculated introducing the FTOH
content of SPMD (Table 23) and average FTOH air concentrations derived by high volume

sampling (Table 24) into equation 4 (see section 2.6).

Table 24: FTOH air concentrations (c,;.,) averaged for periods L, II, and III derived by high volume active
sampling used for SPMD calibration (Dreyer ef al., 2009a).

Cair (pg m-3) Cair (pg m-3) Cair (pg m-3)

Period 1 Period 11 Period 111
8:2 FTOH 97.3 107.8 68.7
10:2 FTOH 33.9 32.1 32.8

The average sampling rate of 0.81 m’ d' for 8:2 FTOH calibrated by High volume sampling
was approximately half of the value of 1.4 m® d”' derived by the theoretical estimation used for
the calculation of 8:2 FTOH air concentrations (Table 25). Compared to 8:2 FTOH, deviations
of calculated (0.77 m’ d'l) and estimated (2.6 m’ d'l) 10:2 FTOH sampling rates were much
higher. This may have been caused by the hampered diffusion of long chain FTOH through the
PE membrane as discussed in section 3.3.4. Equation (2) assumes increasing sampling rates
with increasing K, values, which was used as substitution for the unknown K, The potential
effects of the fluorinated chain hampering FTOH accumulation in SPMD are not considered in
this equation. However, results presented in section 3.3 revealed that such effects are likely to
occur. Consequently, theoretical sampling rates, especially for long-chain FTOH, are

overestimated resulting in an underestimation of FTOH air concentrations.

Table 25: FTOH sampling rates (Rg; m* d') of SPMD obtained by calibration and theoretical estimation
(SD: standard deviation).

Rg (m?d?h) Rg (m?d™h) Rs(m*dhH) Rgm*dh) Rgmid?)

Period 1 Period 11 Period 111 Mean *= SD estimated
8:2 FTOH 0.79 0.49 1.14 0.81 +£0.33 1.4
10:2 FTOH 0.91 0.42 0.98 0.77 £0.31 2.6
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8:2 FTOH and 10:2 FTOH sampling rates calibrated by active sampling were characterized by
period dependent variations for both analytes. Because only three sampling periods were used
for the SPMD sampling rate calibration, the obtained sampling rates can only be considered as

an approximation of the true value.

3.4.2 Calculation of SPMD derived FTOH air concentrations and
comparison with SIP and high volume active sampling
Because SPMD used as passive air samplers for FTOH were not calibrated until this study was

conducted, estimated sampling rates assessed by equation (2) had to be used for the calculation

of FTOH air concentrations (Table 26).

Table 26: SPMD derived FTOH air concentrations (pg m™) during the first three sampling periods.

Period 1 Period 11 Period III

(pg m*) (pg m*) (pg m*)
8:2 FTOH 55 38 59
10:2 FTOH 12 5 13

Air concentrations were between 38 and 59 pg m™ for 8:2 FTOH and between 5 and 13 pg m™
for 10:2 FTOH. Application of SPMD for FTOH sampling was compared to high volume
active sampling and SIP passive samplers operated by GKSS Research Center and
Environment Canada (Figure 11, 12). FTOH concentrations determined by high volume
sampling were as high as concentrations of the passive samplers except for periods I and II. For
8:2 FTOH and 10:2 FTOH, deviations of air concentrations between SPMD and the other
samplers were not systematically. Harner et al. (2004) compared PUF and SPMD passive
sampler for PCB and organochlorine pesticides and observed that PUF derived air

concentrations exceeded those from SPMD by approximately 25% due to sampler calibration.
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Figure 11: 8:2 FTOH air concentrations determined by SPMD, SIP, and high volume sampling.

During the last three sampling periods, 8:2 FTOH and 10:2 FTOH were not detected using
SPMD, whereas these compounds still were detected in SIP and High volume samples. High
volume sampler data revealed that FTOH air concentrations were approximately half of the
value determined during the first three sampling periods. This may have resulted in FTOH
contents in SPMD that were below the MDL, as maximum abundances of 8:2 FTOH and
10:2 FTOH during the first six month were only one order of magnitude above the MDL. The
comparison of the different sampling techniques revealed that the assumptions made for the
calculation of SPMD sampling rates for FTOH (substitution of Kspmp o with Koa, and
calculation of k. from results in 3.3.2.1) resulted in reasonable FTOH air concentrations that
were in good agreement with high volume sampling and SIP sampling. However, a certain
threshold value of FTOH air concentration seemed to be necessary for the use of SPMD

confirming the results presented in section 3.3.4.

In case of 10:2 FTOH, air concentrations derived by SPMD within the first three sampling
periods were considerably lower than concentrations determined by High vol and SIP
(Figure 9). This might be explained with the high deviation of the estimated and the calibrated
sampling rate of SPMD for 10:2 FTOH. The estimated sampling rates used for the calculation
of 10:2 FTOH air concentrations was more than twice as high as that of the calibrated sampling
rate resulting in an underestimation of 10:2 FTOH air concentrations. On the other hand, during

High volume sampling, 10:2 FTOH might be trapped by the filter and thereby the real gas
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concentration might be shifted to artificially lower values. High volume data revealed lower
10:2 FTOH air concentrations in periods IV — VI than those of periods I-1II. This may explain
why 10:2 FTOH was not detected in those SPMD.
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Figure 12: 10:2 FTOH air concentrations determined by SPMD, SIP, and high volume sampling.

In contrast to SPMD, FTOH were detected regularly using SIP disks due to different
accumulation behaviour. FTOH sampling rates obtained for SPMD were smaller than sampling
rates of SIP (Table 27). Thus, FTOH sampling applying SIP disks is more effective than using
SPMD. However, in the above mentioned study the same sampling rate was applied for the
calculation of air concentrations of 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH. Due to the
differences in volatility of those compounds, this sampling rate might not reflect the real

sampling behaviour of FTOH.

Table 27: Comparison of SPMD and SIP derived sampling rates (Rg).

Rs(m¥d") Rsm?*d’) Rg@m3d?)
Period 1 Period 11 Period 111

8:2 FTOH (SPMD) 0.8 0.5 1.2
8:2 FTOH (SIP) 1.4 1.3 2.1
10:2 FTOH (SPMD) 0.9 0.4 1.0
10:2 FTOH (SIP) 1.5 1.9 1.7
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3.4.3 Determination of SIP derived FTOH air concentrations and
comparison to the other research groups
Recoveries for the analysis of FTOH sampled with SIP disks were between 22% and 46%

(Table 28). Since there were no redundant SIP disks, the applied analytical method could not

be optimized further. Therefore, low recoveries were accepted.

Table 28: Mean recoveries (R) and absolute standard deviations (SD) for FTOH determination sampled by

SIP disks.
R (%) SD (%)
4:2 FTOH 22.1 2.1
6:2 FTOH 30.2 3.2
8:2 FTOH 39.0 1.5
10:2 FTOH 46.2 4.6

As for the SPMD samples, 4:2 FTOH and 6:2 FTOH were not detected on SIP disks. This
might be due to the low recoveries and LOD of the analytical method. 8:2 FTOH was observed
in all SIP samples (Table 29), whereas 10:2 FTOH was detected only once.

Table 29: SIP derived FTOH air concentrations (pg m™).

Period 11 Period V
SIP1 SIP 11 SIP1 SIP 11
(pg m*) (pg m*) (pg m*) (pg m*)
4:2 FTOH nd nd nd nd
6:2 FTOH nd nd nd nd
8:2 FTOH 38 51 30 88
10:2 FTOH nd nd nd 27

nd: not detected

Calculated 8:2 FTOH air concentrations were between 30 and 88 pg m® for SIP. The SIP
derived concentration of 10:2 FTOH during Period V was 27 pg m™ and was close to the limit
of detection. This explains why 10:2 FTOH was not detected in the remaining samples.
Replicate 8:2 FTOH air concentrations of period II and V were in the same order of magnitude.
However, there was a considerable difference between both SIP disks of period V. This
inconsistency reveals that the method is not sufficiently optimised and needs further
improvement.

SIP-based FTOH concentrations determined by the participating laboratories were quite similar
(Figure 13 and Figure 14). The 8:2 FTOH air concentration for period II and IV determined

during this thesis were close to the average mean values of the four laboratories.
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Figure 13: Comparison of mean FTOH air concentrations derived by SIP disks of sampling period I1
analysed by Helmholtz Zentrum Miinchen (HMGU), GKSS Research Center Geesthacht (GKSS)
and Environment Canada (ENCA), and Lancaster University (ULA).
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Figure 14: Comparison of mean FTOH air concentrations derived by SIP disks of sampling period V
analysed by Helmholtz Zentrum Miinchen (HMGU), GKSS Research Center Geesthacht
(GKSS), Environment Canada (ENCA), and Lancaster University (ULA).

The fact that 6:2 FTOH and 10:2 FTOH was detected regularly by the other laboratories can be
explained by better analyte recoveries and lower LOD of the used GC-MS systems compared
to analysis at HMGU. In samples analysed at HMGU, 6:2 FTOH was not detected at all, and
10:2 FTOH was detected only once in SIP disks. 4:2 FTOH was not detected in SIP disks by

any of the participating laboratories.
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3.4.4 Comparison of the determination of FTOH standard solutions
analysed by the laboratories of HMGU, GKSS, Lancaster University,
and Environment Canada

In addition to SIP and sampling device comparison, two FTOH standard solutions of unknown

concentrations were analysed by the four participating laboratories to elaborate analytical
consistency. FTOH concentrations of standard solution 1 determined in this thesis differed
partly from the concentrations obtained by the other laboratories (Figure 15). The 4:2 FTOH
concentration was underestimated compared to the mean value. Concentrations of 6:2 FTOH
and 10:2 FTOH were overestimated compared to the mean value. However, the 8:2 FTOH
concentration and the mean value were in good agreement.

The FTOH concentrations obtained at HMGU for standard solution 2 (Figure 16) were in good
agreement with the other laboratories and, except for 10:2 FTOH, always very close to the
mean value of all laboratories. However, at HMGU the highest standard deviations were
obtained, revealing the lowest analytical precision of all participating laboratories. This has to

be improved for further studies.
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Figure 15: Comparison of FTOH concentrations and absolute standard deviations (SD) of standard solution
1 determined by Helmholtz Zentrum Miinchen (HMGU), GKSS Research Center Geesthacht
(GKSS), University of Lancaster(ULA), and Envrionment Canada (ENCA).
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Figure 16: Comparison of FTOH concentrations and absolute standard deviations (SD) of standard solution
2 determined by Helmholtz Zentrum Miinchen (HMGU), GKSS Research Center Geesthacht
(GKSS), University of Lancaster (ULA), and Environment Canada (ENCA).

3.5 Method development for determination of FTOH adsorbed to spruce

needles
The extraction of spruce needles with acetone/MTBE (1/1) caused a high matrix content in the

extracts. Purification of those extracts was not sufficient by EnviCarb SPE cartridges (250 mg
and 500 mg) or silica SPE cartridges. Extracts were dark green and still contained diluted
waxes. Thus, FTOH concentrations and recovery rates of those samples were not determined.
Also clean-up of ACN extracts using silica and Envi Carb cartridges eluted with
acetone/MTBE (1/1) were not clean enough for determination at the GC-MS.

The only method yielding satisfactory recovery rates and acceptable extract purity was the
extraction of spruce needles by ACN followed by a clean-up with EnviCarb and ACN as
elution solvent. For spruce needles older than one year, one Envi carb cartridge (250 mg) was
enough. Extracts of needles younger than one year had to be to be purified by two EnviCarb
cartridges (500 mg). Average recovery rates of this method were between 45% (4:2 FTOH) and
97% (8:2 FTOH) (Table 30).

Table 30: Average recovery rates (R) and relative standard deviations (SD, %) for FTOH determination in
spruce needles

Analyte R (%) SD (%)
4:2 FTOH 45 12
6:2 FTOH 72 3.8
8:2 FTOH 97 13
10:2 FTOH 83 8.4
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In spruce needle samples taken in Munich, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH were not
detected. However, small amounts (1.6 and 4.4 ng g'l) of 4:2 FTOH were determined. This is
surprising, since of all FTOH, 4:2 FTOH should have the lowest tendency to partition from air
to needles surface, due to its high volatility. A potential contamination of needles during
laboratory treatment may explain these findings. However, neither 4:2 FTOH nor the other
FTOH were detected in blank samples. Therefore, it was assumed that in contrast to the other
FTOH, 4:2 FTOH may be able to enter and accumulate via the stomata in the needles.

Despite of log Koa values between 4.65 and 5.83 (Thuens et al., 2008), FTOH seem to have a
low tendency to partition to needle surfaces, since they were not detected in needle samples
from Munich. Compared to PCB, PCDD/F, and PAH were even detected in needles of rural
and remote areas (Kirchner et al., 2006; Levy et al., 2007; Zhu et al., 2007; Shoeib et al.,
2008). Maybe this can be explained by the oleophobic properties of the fluorinated alkychain
hampering the sorption of FTOH to the wax surface of needles. Thus, spruce needles seem to

be no suitable passive sampler for airborne FTOH.

3.6 Determination of PFOA and PFOS deposition in the Alps
During the determination of PFOS and PFOA in deposition samples, highly enhanced recovery

rates were observed. Recovery rates of mass-labelled PFOS were between 293% and 1121%,
those of mass-labelled PFOA between 85% and 920%. The reason for this signal enhancement
could not be identified. Because of these extraordinary high recoveries, an estimate about
analyte “loss” during extraction and clean-up is certainly not possible. Nevertheless, PFOA and
PFOS were quantified in those samples, because analyte and the corresponding surrogate
standard do behave equally in a chemical point of view during extraction, clean-up, and
determination. That means that native as well as mass-labelled analytes will be affected equally
by signal enhancement. However, uncertainty of the resulting PFOA and PFOS concentrations
does increase. As conclusion from the recovery rates it is obvious that the methodology for the
analysis of PFOA and PFOS in XAD deposition samples has to be improved to obtain reliable
results, e.g. by an optimised clean-up and a matrix matched calibration of the recoveries.

PFOA and PFOS were detected in deposition blank samples at mean concentrations of 4.2 and
3.7 ng per sampler, respectively. Deposition of PFOA a PFOS was only calculated when the
sampler content of these substances exceeded the average PFOA and PFOS content in blank
samples added to three fold the blank standard deviation (8.9 and 10.4 ng per sampler,

respectively).
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At the Zugspitze, PFOA and PFOS were detected in almost all of the deposition samples. Only
in Spring 2008, PFOS was not detected. Bulk deposition rates of PFOA and PFOS were
between 3.3 and 6.2 ng m™ d' and between n.d. and 6.3 ng m™ d™', respectively (Figure 17).
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Figure 17: Deposition rates of PFOA and PFOS at Zugspitze; PFOS was not detected during Spring 2008.
At Weilfluhjoch, bulk deposition rates of PFOA and PFOS were between n.d. and

7.0 ng m~ d' and between n.d. and 4.0 ng m™ d”'. PFOA and PFOS were detected only during
two sampling periods (Figure 18).
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Figure 18: Deposition rates of PFOA and PFOS at Weiifluhjoch; PFOS was not detected during Autumn
2007, Winter 2008, and Spring 2008. PFOA was not detected during Winter 2008 and Spring
2008.

At Sonnblick, PFOA was detected in deposition samples during three consecutive sampling
periods (Figure 19), whereas PFOS was only observed during Autumn 2007. Bulk deposition
rates of PFOA and PFOS were between n.d. and 12 ng m™ d' and between n.d. and
11ngm>d".

59



Results and Discussion

~ 14
c;c 12 | m PFOA
£
= 10 - O PFOS
£
o 8
s 5
S
= 4
2
5 [ ]
[}
a o
Autumn 2007 Winter 2008 Spring 2008 Summer 2008

Sampling period

Figure 19: Deposition rates of PFOA and PFOS at Sonnblick; PFOS was not detected during Winter 2008,
Spring 2008, and Summer 2008. PFOA was not detected during Summer 2008.

PFOA and PFOS were only detected sporadically in deposition samples of the three
investigated sites. At the Zugspitze PFC deposition was observed for all sampling periods.
Deposition rates of PFOA exceeded those of PFOS except for the Winter 08 sampling interval.
A reason for this could be the higher water solubility of PEOA (4100 mg L™ (Prokop et al.,
1989)) compared to PFOS (519 mg L! (Brooke et al., 2004)). Highest deposition rates of both
PFOA and PFOS was observed at Sonnblick during the autumn 07 sampling period. However,
during the following sampling periods, PFOA deposition decreased considerably, and PFOS
was no longer detected in deposition samples of this site. At WeiBifluhjoch, PFOA and /or
PFOS were detected only during two of the sampling periods.

Above calculated PFOA and PFOS deposition rates were similar to wet deposition rates of
PFOA (up to 15 ng m? d") and PFOS (up to 10 ng m™~ d') at Barsbiittel, Germany (Dreyer et
al., 2010). Scott et al. (2006) determined PFOA deposition rates at areas far from significant
emission sources and adjacent to point sources in North America between 0.14 and 30.1 ng m™
d'. Modelled PFOA deposition rates at the same sites were between 0.0055 and 0.55 ng m™> d”!
(Yarwood et al., 2007).

PFOA and PFOS deposition rates determined in this study exceeded those of many chlorinated
hydrocarbons such as DDT isomers, chlordane, heptachlor, or hexachlorobenzene, which were
investigated at the same sites (Monarpop, 2008). Deposition rates of y hexachlorcyclohexane
were in the same order of magnitude as depositons rates of PFOA and PFOS. For endosulfan
isomers, observed depositions were one to two orders of magnitude higher than those of PFOA

and PFOS (Monarpop, 2008).
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If the results in this study are representative, which cannot be assured due to the low number of
samples and intervals, PFOA and PFOS must not be negelected, when imission of pollutants

into this sensible area is investigated.

3.7 FTOH in domestic dust

FTOH recovery rates of in housedust samples were between 49% and 82% for dust samples
from Munich and between 135% and 146% for dust samples from the Bavarian Health and
Food Safety Authority (BHFSA) (Table 31). The difference between recovery rates of samples
of different origin, may be explained by different sample pre-treatment and/or signal
enhancement due to matrix effects in the samples. Since there is always loss of volatile FTOH
during evaporation (see section 3.2.4), FTOH recoveries close to or even above 100% are
unlikely. Therefore, it is important to use peak areas/heights of the mass-labelled standards in
the sample or a matrix matched calibration for quantification. Because of the signal
enhancement, limits of quantification were 0.5 ng g'1 for 4:2 FTOH and 0.3 ng g'1 for the other
FTOH and thus relatively low.

Table 31: Average recovery rates (R, %) of dust samples from Munich (MUC; n=2) and from Bavarian
Health and Food Safety Authority (BHFSA; n=6).

Analyte R (Muc) R (BHFSA)
(%) (%)
4:2 FTOH 49 135 +£28
6:2 FTOH 65 140 £ 12
8:2 FTOH 77 138 + 10
10:2 FTOH 82 146 £ 11

Highest FTOH concentrations were observed in the dust sample of the BHFSA I (Table 32).
There, 173 ng g of 6:2 FTOH, 187 ng g’ of 8:2 FTOH, and 75 ng g of 10:2 FTOH were
detected. FTOH concentrations in the samples BHFSA II and BHFSA IV were one order of
magnitude and in the samples BHFSA III and BHFSA V even two orders of magnitude lower.
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Table 32: FTOH concentrations (ng g'l) in house dust samples from Munich (Muc) and from Bavarian
Health and Food Safety Authority (BHFSA).

Muc Muc BHFSA BHFSA BHFSA BHFSA BHFSA
I IT I I 11X IV \Y

mgg") (mggh mggh mggh mggh mggh mggh

4:2 FTOH <LOD <LOD <LOD <LOD <LOD <LOD <LOD

6:2 FTOH <LOD <LOD 173 32 <LOD <LOD <LOD
8:2 FTOH <LOD <LOD 187 51 53 43 2.7
10:2FTOH <LOD <LOD 75 23 1.4 9.5 1.0
Y. FTOH <LOD <LOD 434 105 6.7 53 3.7

8:2 FTOH always was the most abundant analyte. 6:2 FTOH was only detected in two samples
(BHFSA I, BHFSA 1I). 4:2 FTOH was not detected in any sample. In both samples from
Munich, concentrations of all FTOH were below limit of detection.

FTOH concentrations determined in this thesis are relatively low compared to those of other
studies. Strynar and Lindstrom (2008) observed maximum FTOH concentrations of 804
(6:2 FTOH), 1660 (8:2 FTOH), and 883 ng g'1 (10:2 FTOH) in dust. Mean concentrations were
75, 167, and 96 ng g'l, respectively. In house dust from Ottawa, Canada, maximum
concentrations of 2500 (6:2 FTOH), 16315 (8:2 FTOH), and 8176 ng g'1 (10:2 FTOH) were
determined (Shoeib et al., 2005a). Mean concentrations were 156, 410, and 233 ng g'l,
respectively. As in consumer products analysed in this thesis and by other research groups
(Dinglasan-Panlilio and Mabury, 2006; Sinclair et al., 2007), as well as in outdoor air samples
(Shoeib et al., 2006; Barber et al., 2007; Oono et al., 2008; Dreyer et al., 2009a; Dreyer et al.,
2009b) 8:2 FTOH was the most abundant FTOH, as well, probably due to an enhanced

production.

3.8 PFC in household consumer products
In 14 of the 26 analysed products at least one PFC was detected. Most of these products belong

to the groups of impregnating agents and lubricants. In impregnating agents, 8:2 FTOH and
10:2 FTOH were observed as the dominant PFC. They were present in all but two samples in
concentrations up to 61 and 32 ug mL", respectively (Table 33). 4:2 FTOH, 6:2 FTOH, and
PFOA were detected at low concentrations in some impregnating agents. 6:2 FTOH, 8:2
FTOH, and 10:2 FTOH were detected in two of four lubricants, whereas 4:2 FTOH, PFOA and
PFOS were not detected. The PFC burden of these products was higher than that of the
remaining ones. Highest concentrations of 6:2 FTOH (148 pg mL™), 8:2 FTOH (149 ug mL™),
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and 10:2 FTOH (99 pug mL") were determined in sample LU2, which overall, was also the
sample containing most of PFC in this study. 4:2 FTOH and PFOA were not detected in any of
the lubricants. PFOA was detected at 7.3 ug mL™ in the fire fighting foam and at 14.5 pg mL"
in the pesticide solution. These were the highest PFOA concentrations observed in this study.
Cleaning agents and conditioners did not appear to contain any of the investigated PFC. PFOS
was not detectable in any of the consumer products. This may be due to phase out of PFOS

production in 2001 (3M, 2000; EPA, 2002).

Table 33: PFC content (ug mL'l) of impregnating agents (IA), conditioners (CO), lubricants (LU), fire
fighting foam (FF), pesticide solution (PE), and cleaning agents (CA). (nd: not detectable; nq: not

quantifiable).

52 3% 3T 3% T 2T %

- =
: k& kB LKE =B EE EE EE
S g2 g2 g2 sz e z Mz

=W Ao
IA1 nq 1.2 61 32 0.4 nd 95
IA2 0.3 nd 2.9 1.7 0.1 nd 5.0
IA3 nq 2.1 52 32 0.2 nd 86
1A4 nq 1.3 43 23 0.2 nd 67
IAS nd 0.6 30 17 0.4 nd 47
IA6 nd nd 0.5 0.3 nd nd 0.8
IA7 nd nd 33 20 nd nd 54
IA8 nd nd nd nd 09 nd 09
IA9 nd nd nd nd 3.6 nd 3.6
COl nd nd nd nd nd nd nd
CO2 nd nd nd nd nd nd nd
CO3 nd nd nd nd nd nd nd
CO4 nd nd nd nd nd nd nd
LU1 nd 72 76 61 nd nd 209
LU2 nd 148 149 99 nd nd 396
LU3 nd nd nd nd nd nd nd
LU4 nd nd nd nd nd nd nd
FF nd nd nd nd 7.3 nd 7.3
PE nd nd nd nd 14.5 nd 15
CAl nd nd nd nd nd nd nd
CA2 nd nd nd nd nd nd nd
CA3 nd nd nd nd nd nd nd
CA4 nd nd nd nd nd nd nd
CAS nd nd nd nd nd nd nd
CAG6 nd nd nd nd nd nd nd

A Danish survey revealed that eleven of thirteen analysed impregnating agents contained
FTOH in concentrations between 0.76 and 9420 pg mL™" (Jensen ez al., 2008). In all analysed
samples, FTOH concentrations exceeded those of PFCA. Washburn et al. (2005) observed
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PFOA concentrations of up to 50 pg mL™ in impregnating sprays. Unfortunately, FTOH were
not analysed in this study. In this thesis, PFOA concentrations in impregnating agents reached
3.6 mg L and were one order of magnitude below concentrations of Washburn et al. (2005).
Highest PFOA contents in impregnating agents were found in sprays that did not contain any
FTOH (IA8, IA9). In those sprays PFOA concentrations were higher than PFOA
concentrations + standard deviation in FTOH containing impregnating agents (IA1-IA7).

In seven of eight products labelled as “PFC containing”, one or more of the investigated PFC
were detectable. Probably other PFC, which were not analysed, are additionally contained in
the consumer products. This might be the reason that in one product, labelled as “PFC
containing”’, none of the investigated PFC was detected.

Figure 20 demonstrates the proportions of PFC in the 14 PFC containing consumer products.
Except for the fire fighting foam, the pesticide solution and two impregnating agents, FTOH
were the dominant class of PFC. Only in these four products, concentrations of PFOA
exceeded those of FTOH. Among the FTOH, 8:2 FTOH was always observed in highest
proportions. Only in the two FTOH containing lubricants, the contribution of 6:2 FTOH was
almost as high as that of 8:2 FTOH.

100% -
80% -
m PFOS
s 60% | m PFOA
£ m 10:2 FTOH
g m 8:2 FTOH
et O, |
a 40% W 6:2 FTOH
W 4:2 FTOH
20% -
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A1 A2 A3 IA4 IA5 IA6 IA7 IA8 IA9 IA10 LU1 LU2 FF PE

Figure 20: Contribution (%) of individual PFC analysed in impregnating agents (IA), conditioners (CO),
lubricants (LU), fire fighting foams (FF), and pesticide solution (PE)

These results are consistent with studies analysing FTOH in outdoor air. In these studies,
8:2 FTOH was almost exclusively observed in highest proportions (Shoeib et al., 2006; Barber
et al., 2007; Jahnke et al., 2007b; Oono et al., 2008; Dreyer et al., 2009b) and in housedust
(Strynar and Lindstrom, 2008). Only at very few places concentrations of 6:2 FTOH were
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equal or exceeded concentrations of 8:2 FTOH (Martin et al., 2002; Stock et al., 2004b; Dreyer

et al., 2009b).

In FTOH containing impregnating agents, the average ratio between the concentration of

10:2 FTOH and 8:2 FTOH was 0.58 + 0.05 (n=7) (Table 34).

Table 34: Concentration ratios between 6:2 FTOH and 8:2 FTOH and 10:2 FTOH and 8:2 FTOH in
consumer products and outdoor air.

Site Medium c(6:2FTOH) ¢(10:2FTOH) Reference
c(8:2FTOH) ¢(8:2FTOH)
Germany impregnating 0.02 0.58 this study
agents
Germany lubricants 0.98 0.74 this study
Canada, air 1.58 0.53 Martin et al. (2002)
Toronto
Canada, air 0.91 0.53 Martin et al. (2002)
Long Point
Canada, air 0.44 0.52 Shoeib et al. (2006)
Toronto
Artic air 0.24 0.55 Shoeib et al. (2006)
Germany, air 0.55 0.29 Jahnke et al. (2007b)
Hamburg
Germany, air 0.85 0.31 Jahnke et al. (2007b)
Waldhof
Germany, air 0.3 0.27 Dreyer and
Hamburg Ebinghaus (2009)
Germany, air 0.25 0.25 Dreyer and
Hamburg Ebinghaus (2009)
Germany, air 0.57 0.47 Dreyer and
Hamburg Ebinghaus (2009)
Germany, air 0.46 0.27 Dreyer and
Geesthacht Ebinghaus (2009)
Germany, air 0.34 0.29 Dreyer and
Geesthacht Ebinghaus (2009)
Germany, air 0.47 0.43 Dreyer and
Geesthacht Ebinghaus (2009)
Germany, air 0.41 0.35 Dreyer and
Geesthacht Ebinghaus (2009)
Germany, air 0.56 0.33 Dreyer and
Geesthacht Ebinghaus (2009)
Japan, air 0.03 0.11 Oono et al. (2008)
Higashiyodogawa
Japan, air 0.05 0.12 Oono et al. (2008)
Horinomiya
Japan, air 0.03 0.12 Oono et al. (2008)
Sakyo
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The average ratio between the 6:2 FTOH and the 8:2 FTOH amount in impregnating agents
was 0.02 £ 0.01 (n=5). IA10, which was obtained in Brazil, had a different FTOH composition
than impregnating agents purchased in Germany. Therefore IA10 was not considered for the
calculation of the FTOH ratio average.

In FTOH containing lubricants (LU, 2) a ratio between 10:2 FTOH and 8:2 FTOH of 0.81 and
0.66, respectively, and a ratio between 6:2 FTOH and 8:2 FTOH of 0.96 and 0.99, respectively,
were observed. Because there were only two FTOH containing lubricants, differences in
composition between impregnating agents and lubricants were not tested for significance.
However, there is a considerable difference in FTOH composition in those two product groups,
since concentrations of individual FTOH in lubricants were beyond the standard deviation
ranges of FTOH concentrations in impregnating agents.

Also, FTOH ratios of IA10 were outside of these standard deviation ranges. Thus, above
calculated FTOH proportions possibly could be used as a fingerprint for FTOH containing
impregnating agents from Europe. However, FTOH ratios found in the atmosphere (Martin et
al., 2002; Stock et al., 2004b; Shoeib et al., 2006; Jahnke et al., 2007b; Oono et al., 2008;
Dreyer and Ebinghaus, 2009) at diverse locations were obviously dissimilar to those of
lubricants or impregnating agents (Table 34), indicating that FTOH composition of outdoor air
is affected by many different sources and applications.

Human exposure to PFC calculated for the three scenarios differed (Table 35). Total daily PFC
exposure was found to be between 43 ng kg™ d”' (scenario I) and 464 ng kg™ d' (scenario III).
Given these scenarios, exposure was dominated by 8:2 FTOH, which was calculated to be
between 20 (scenario I) and 172 ng kg'1 d! (scenario III). Exposure to PFOA was between 1
(scenario 1) and 8 ng kg'1 d! (scenario III). Exposure to 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH

was one order of magnitude higher than exposure to PFOA for all scenarios.

Table 35: Human exposure (ng kg d) to PFC in consumer products calculated for three different
scenarios.

Compound ScenarioI  Scenario II  Scenario IIT
(ngkg' d) (mgkg'dD) (ngkg'd)

4:2 FTOH <0.1 0.2 0.3

6:2 FTOH 10.1 18.6 170

8:2 FTOH 20.1 26.4 172

10:2 FTOH 114 15.0 113

PFOA 1.2 1.8 8.4

Y PFC 42.8 62.0 464
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Uptake of PFOA, PFOS, and their precursors originating from contaminated food and drinking
water was identified to be the most important exposure pathway for the general population
(Trudel et al., 2008; Vestergren et al., 2008). Total daily doses of PFOA and its precursors
between 0.3 and 150 ng kg' d' were varied (Vestergren er al., 2008). Contribution of
precursor substances in impregnating agents to the total daily dose of PFOA was calculated to
be 9-11% in a high exposure scenario, in which the proportion of precursors biotransformed to
PFOA was regarded by a factor of 0.017 (Vestergren et al., 2008). Multiplying 8:2 FTOH
exposures obtained in this thesis by this factor results in PFOA exposures between 0.34 and
2.9 ng kg d”'. Human exposure to PFOA from spray droplets was one order of magnitude
lower than values calculated by Trudel et al. (2008) due to lower PFOA concentrations in
consumer products. Thus, these results confirm the hypothesis that consumer products as
PFOA exposure source are of minor importance compared to food and drinking water.
Nevertheless, results obtained in this thesis and other studies (Begley et al., 2005; Dinglasan-
Panlilio and Mabury, 2006; Sinclair et al., 2007; Jensen et al., 2008) reveal that PFC are
present in many products and tools, which are preferentially applied in households, and
therefore are a direct source for human exposure. PFC in consumer products can be an
explanation for PFC determined in domestic dust samples. However the applied model (Trudel
et al., 2008) only accounted the exposure to PFC in droplets, there is additionally an exposure
to gaseous compounds that is no considered by these calculations. Since incorporated FTOH
are metabolised to PFCA in the human body (Martin et al., 2005) an ongoing accumulation of
PFCA can be anticipated despite the phase out of the production of long-chain PFCA and
PFSA.

3.9 Analysis of PFC in water and soil samples collected in the national park
Serra dos Orgaos, Brazil
Recovery rates of mass-labelled PFOS and mass-labelled PFOA in soil samples were not

calculated by internal quantification due to disturbed detection of the injection standard 9:2 FA.
However, quantification by external standard calibration resulted in average recoveries of 65%
and 71% for MLPFOA and MLPFOS, respectively in soil samples of an altitude of 1800 m and
2000 m asl. However, because of the disturbed internal quantification, uncertantiy of the
obtained results is strongly enhanced. PFOA and PFOS were not detectable in any of the soil
samples, probably due to the remoteness of the sampling location.

Neither PFOS nor PFOA were detected in water samples. Recoveries of mass-labelled PFOS
and PFOA were 58% and 61%, respectively. Since PFOA and PFOS were determined in
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remote mountain areas (Loewen et al., 2008; Jahnke and Berger, 2009) the non-detects in this
study may have been caused by the low sampling volume, which was limited to 1 L, because
the national park area could only be arrived by walking. Increasing the sampling volume to at
least 4 L. may result in detectable concentrations (Loewen et al., 2005; Loewen et al., 2008;
Jahnke and Berger, 2009). However, high altitude water was analysed at the northern
hemisphere only. Dreyer et al. (2009b) observed that concentrations of airborne PFC, which
will be responsible for PFOA and PFOS contamination at high altitudes, were significantly
lower in the southern hemisphere than in the northern hemisphere. Thus, the sampling volume
may have to be increased to even more than 4 L in order to detect PFC in the national park
Serra dos Orgdos. High volume water sampling (>100 L) and subsequent enrichment may

provide an interesting alternative.
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4 Conclusion
In this thesis, a simultaneous determination of four FTOH of different chain length and the

perfluorinated acids PFOA and PFOS was developed. UPLC TOF-MS was applied to detect
these substances, although they were routinely analysed by GC-PCI-MS and HPLC tandem
MS, respectively. Because FTOH are precursors of PFCA such as PFOA, simultaneous
determination facilitates research regarding fate, metabolism, degradation, and distribution of
these compounds in humans and the environment. Further studies should investigate if
perfluroalkyl sulfonamides and polyfluorinated N-alkyl sulfonamides are suitable for
determination by LC-MS. This would enable the simultaneous determination of PESA and their
precursors.

UPLC-TOF MS was applied for samples analysed for PFOA, PFOS, and FTOH. For samples
that were analysed for FTOH, only GC-PCI-MS was used as detection method. Thus, 4:2
FTOH was determined, as well, which can still not be detected by LC-MS.

Several analytical methods were developed or optimized during this thesis. FTOH were
determined in spruce needles that were extracted by acetonitrile followed by a clean-up
procedure using EnviCarb cartridges. Moreover, FTOH were analysed in SIP disks and house
dust that were extracted by acetone/MTBE and SPE applying EnviCarb cartridges. PFOA and
PFOS were analysed in water samples that were extracted using WAX SPE cartridges. Those
analytes were also determined in soil samples and in XAD deposition samples, both extracted
in methanol and purified by SPE using EnviCarb cartridges. However, some of the described
analytical methods still encounter strong matrix effects, usually expressed as signal disturbance
or enhancement during PFC detection by GC-MS and UPLC-TOF MS. Thus, these methods
should be further optimized.

An analytical method based on liquid liquid extraction was developed for the determination of
FTOH in SPMD. SPMD were intensively evaluated as FTOH passive samplers. It turned out
that SPMD are generally not well suited for the analysis of PFC in air, although FTOH are able
to migrate through PE membranes of SPMD. However, accumulation is influenced by FTOH
air concentration, the length of the fluorinated alkyl chain, and seems to be strongly influenced
by the SPMD membrane. A field intercomparison also revealed that active sampling or passive
sampling using SIP disks are a better choice for the determination of airborne PFC. These
experiment was also used to determine FTOH sampling rates of SPMD with respect to high
volume sampling.

However, to obtain accurate sampling rates of SPMD for FTOH, the partitioning coefficient of

FTOH between air and SPMD has to be determined precisely. In addition, membranes of
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different materials should be investigated for their suitability to accumulate FTOH in triolein.
The interlaboratory comparison of the analysis of SIP disks and standard solution highlighted
that the GC-MS system used during this thesis had the lowest sensitivity and precision of the
four partizipating laboratories.

In this thesis, deposition of PFOA and PFOS in the Alps was investigated for the first time.
PFOA and PFOS were detected frequently in samples from three different sites in the Alps. It
was observed, that deposition of PFOA and PFOS exceeded deposition of many organochlorine
pesticides at the investigated sites. PFOA and PFOS were not detected in water and soil
samples from the national park Serra dos Orgdos, Brazil, due to low environmental
concentrations. However, immission of PFC into the Alps should be further studied. Therefore
PFC should be included into existing projects monitoring POP such as PCB, PCDD/F, PAH,
and chlorinated organic compounds in this remote and sensitive ecosystem.

In more than half of the investigated consumer products at least one PFC was detectable. As in
all environmental samples, 8:2 FTOH was the dominant PFC. Thus, it was demonstrated that
PFC are present in high concentrations in consumer products. Human exposure to PFC
originating from consumer products was calculated using an adopted model. Relating to the
assumptions of this model, total human exposure to 6:2 FTOH, 8:2 FTOH, 10:2 FTOH, and
PFOA was calculated to be 62 ng kg™ d”'. Besides PFC intake by food and drinking water,
these results may explain PFC observed in blood samples of the general population. To
elucidate importance of consumer products as origin of PFC incorporated by humans further
laboratories should be conducted, since until now only modelling studies are available.

In house dust samples, total FTOH concentrations of up to 434 ng g'1 were observed.
8:2 FTOH was always the dominant FTOH exhibiting concentrations up to 187 ng g”. This
reveals that humans are exposed to FTOH in their direct ambiance. Application of consumer
products analysed may explain some PFC determined in house dust. Further studies should be
conducted to identify and quantify possible diffuse and point sources for PFC present in house

dust.

70



Literature cited

5 Literature cited

3M (2000). Phase-Out Plan for POSF-Based Products. (S. M. M. G. S. P. U.S. EPA Docket ID
OPPT-2002-0043; 3M, MN, , Ed.).

Armitage, J., Cousins, L. T., Buck, R. C., Prevedouros, K., Russell, M. H., MacLeod, M., and
Korzeniowski, S. H. (2006). Modeling global-scale fate and transport of
perfluorooctanoate emitted from direct sources. Environ. Sci. Technol. 40, 6969-6975.

Arp, H. P. H., Niederer, C., and Goss, K. U. (2006). Predicting the partitioning behavior of
various highly fluorinated compounds. Environ. Sci. Technol. 40, 7298-7304.

Barber, J. L., Berger, U., Chaemfa, C., Huber, S., Jahnke, A., Temme, C., and Jones, K. C.
(2007). Analysis of per- and polyfluorinated alkyl substances in air samples from
Northwest Europe. J. Environ. Monit. 9, 530-541.

Bartkow, M. E., Booij, K., Kennedy, K. E., Muller, J. F., and Hawker, D. W. (2005). Passive
air sampling theory for semivolatile organic compounds. Chemosphere 60, 170-176.

Bartkow, M. E., Huckins, J. N., and Muller, J. F. (2004). Field-based evaluation of
semipermeable membrane devices (SPMDs) as passive air samplers of polyaromatic
hydrocarbons (PAHs). Atmos. Environ. 38, 5983-5990.

Becker, A. M., Gerstmann, S., and Frank, H. (2008a). Perfluorooctane surfactants in waste
waters, the major source of river pollution. Chemosphere 72, 115-121.

Becker, A. M., Gerstmann, S., and Frank, H. (2008b). Perfluorooctanoic acid and
perfluorooctane sulfonate in the sediment of the Roter Main river, Bayreuth, Germany.
Environmental Pollution 156, 818-820.

Begley, T. H., White, K., Honigfort, P., Twaroski, M. L., Neches, R., and Walker, R. A.
(2005). Perfluorochemicals: Potential sources of and migration from food packaging.
Food Addit. Contam. 22, 1023-1031.

Berger, U., Langlois, 1., Oehme, M., and Kallenborn, R. (2004). Comparison of three types of
mass spectrometer for high-performance liquid chromatography/mass spectrometry
analysis of perfluoroalkylated substances and fluorotelomer alcohols. Eur. J. Mass
Spectrom. 10, 579-588.

Biegel, L. B., Hurtt, M. E., Frame, S. R., O'Connor, J. C., and Cook, J. C. (2001). Mechanisms
of extrahepatic tumor induction by peroxisome proliferators in male CD rats. Toxicol.
Sci. 60, 44-55.

Booij, K., and Van drooge, B. L. (2001). Polychlorinated biphenyls and hexachlorbenzene in
atmosphere, sea-surface microlayer, and water measured with semi-permeable
membrane devices (SPMDs). Chemosphere 44, 91-98.

Boudreau, T., Sibley, P. K., Mabury, S. A., Muir, D. C. G., and Solomon, K. (2003).
Laboratory evaluation of the toxicity of perfluorooctane sulfonate (PFOS) on
Selenastrum capricornutum, Chlorella vulgaris, Lemna gibba, Daphnia magna, and
Daphnia pulicaria. Archives of Environmental Contamination and Toxicology 44, 307-
313.

Boulanger, B., Vargo, J., Schnoor, J. L., and Hornbuckle, K. C. (2004). Detection of
perfluorooctane surfactants in Great Lakes water. Environ. Sci. Technol. 38, 4064-4070.

71



Literature cited

Brooke, D., Footitt, A., and Nwaogu, T. A. (2004). Environmental risk evaluation report:
perfluorooctanesulphonate (PFOS). (E. Agency, Ed.), pp. 1-96.

Butt, C. M., Muir, D. C. G., Stirling, 1., Kwan, M., and Mabury, S. A. (2007). Rapid response
of arctic ringed seals to changes in perfluoroalkyl production. Environ. Sci. Technol. 41,
42-49.

Carmosini, N., and Lee, L. S. (2008). Partitioning of fluorotelomer alcohols to octanol and
different sources of dissolved organic carbon. Environ. Sci. Technol. 42, 6559-6565.

Conder, J. M., Hoke, R. A., De Wolf, W., Russell, M. H., and Buck, R. C. (2008). Are PFCAs
bioaccumulative? A critical review and comparison with regulatory lipophilic
compounds. Environ. Sci. Technol. 42, 995-1003.

De Silva, A. O., and Mabury, S. A. (2004). Isolating isomers of perfluorocarboxylates in polar
bears (Ursus maritimus) from two geographical locations. Environ. Sci. Technol. 38,
6538-6545.

De Silva, A. O., and Mabury, S. A. (2006). Isomer distribution of perfluorocarboxylates in
human blood: Potential Correlation to Source Environ. Sci. Technol. 40, 2903-2909.

Dinglasan-Panlilio, M. J. A., and Mabury, S. A. (2006). Significant residual fluorinated
alcohols in various fluorinted materials. Environ. Sci. Technol. 40, 1447-1453.

Dinglasan, M. J. A., Ye, Y., Edwards, E. A., and Mabury, S. A. (2004). Fluorotelomer alcohol
biodegradation yields poly- and perfluorinated acids. Environ. Sci. Technol. 38, 2857-
2864.

Dreyer, A., and Ebinghaus, R. (2009a). Polyfluorinated Compounds in Ambient Air of the
German Bight, North Sea, and two land-based Sites in the Vicinity of Hamburg,
Germany. Atmospheric Environment 43, 1527-1535.

Dreyer, A., Matthias, V., Temme, C., and Ebinghaus, R. (2009). Annual time series of air
concentrations of polyfluorinated compounds. Environ. Sci. Technol. 43, 4029-4036.

Dreyer, A., Matthias, V., Weinberg, 1., and Ebinghaus, R. (2010). Wet deposition of poly- and
perfluorinated compounds in Northern Germany. Environmental Pollution 158, 1221-
1227.

Dreyer, A., Temme, C., Sturm, R., and Ebinghaus, R. (2008). Optimized method avoiding
solvent-induced response enhancement in the analysis of volatile and semi-volatile

polyfluorinated alkylated compounds using gas chromatography-mass spectrometry. J.
Chromatogr. A 1178, 199-205.

Dreyer, A., Weinberg, 1., Temme, C., and Ebinghaus, R. (2009b). Polyfluorinated compounds
in the atmosphere of the Atlantic and Southern Oceans: Evidence for a global
distribution. Environ. Sci. Technol.43, 6507-6514.

Ellis, D. A., Martin, J., Muir, D. C. G., and Mabury, S. A. (2000). Development of an F NMR
method for the analysis of fluorinated acids in environmental water samples. Anal.
Chem. 72, 726-731.

Ellis, D. A., Martin, J. W., De Silva, A. O., Mabury, S. A., Hurley, M. D., Andersen, M. P. S.,
and Wallington, T. J. (2004). Degradation of fluorotelomer alcohols: A likely
atmospheric source of perfluorinated carboxylic acids. Environ. Sci. Technol. 38, 3316-
3321.

Ellis, D. A., Martin, J. W., Mabury, S. A., Hurley, M. D., Andersen, M. P. S., and Wallington,
T. J. (2003). Atmospheric lifetime of fluorotelomer alcohols. Environ. Sci. Technol. 37,
3816-3820.

72



Literature cited

EPA (2002). Perfluoroalkyl sulfonates: Significant new use rule. 40 CFR Part 721 [OPPTS
50639D; FRL-6823-6].

EPA (2009). PFOA steward ship program description. EPA.
http://www.epa.gov/oppt/pfoa/pubs/stewardship/pfoastewardshipbasics.html; Download
11.04.2010

Esteve-Turrillas, F. A., Pastor, A., and de la Guardia, M. (2006). Microwave-assisted extraction
of pyrethroid insecticides from semi permeable membrane devices (SPMDs) used to
indoor air monitoring. Anal. Chim. Acta 560, 118-127.

EU (2006). Directive 2006/122/ECOF the European parliament and of the council L372/332-
334. (0. j. o. t. E. Union, Ed.), pp. L372/332-334.

Fromme, H., Midasch, O., Twardella, D., Angerer, J., Boehmer, S., and Liebl, B. (2007a).
Occurence of perfluorinated substances in an adult population in southern Bavaria.
International Archives of Occupational and Environmental Health 80, 313-319.

Fromme, H., Schlummer, M., Moller, A., Gruber, L., Wolz, G., Ungewiss, J., Bohmer, S.,
Dekant, W., Mayer, R., Liebl, B., and Twardella, D. (2007b). Exposure of an adult

population to perfluorinated substances using duplicate diet portions and biomonitoring
data. Environ. Sci. Technol. 41, 7928-7933.

Giesy, J. P., and Kannan, K. (2001). Global distribution of perfluorooctane sulfonate in
wildlife. Environ. Sci. Technol. 35, 1339-1342.

Giesy, J. P., and Kannan, K. (2002). Perfluorochemical surfactants in the environment.
Environ. Sci. Technol. 36, 146A-152A.

Goss, K. U. (2008). The pK(a) values of PFOA and other highly fluorinated carboxylic acids.
Environ. Sci. Technol. 42, 456-458.

Goss, K. U., Bronner, G., Harner, T., Monika, H., and Schmidt, T. C. (2006). The partition
behavior of fluorotelomer alcohols and olefins. Environ. Sci. Technol. 40, 3572-3577.

Guy, W., Taves, D., and Brey, W. (1976). Organic Fluorocompounds in human plasma:
Prevalence and characterization Biochmemistry involving carbon-fluorine bonds; ACS
Symposium, pp. 117-134.

Hansen, K. J., Clemen, L. A., Ellefson, M. E., and Johnson, H. O. (2001). Compound-specific,
quantitative characterization of organic fluorochemicals in biological matrices. Environ.
Sci. Technol. 35, 766-770.

Hansen, K. J., Johnson, H. O., Eldridge, J. S., Butenhoff, J. L., and Dick, L. A. (2002).
Quantitative characterization of trace levels of PFOS and PFOA in the Tennessee River.
Environ. Sci. Technol. 36, 1681-1685.

Harada, K., Saito, N., Inoue, K., and Koizumi, A. (2003). Perfluorooctane sulfonate
contamination of drinking water in the Tama River, Japan: estimated effects on resident
serum levels. Bull. Environ. Contam. Toxicol. 71, 31-36.

Harner, T., Shoeib, M., Diamond, M., Stern, G., and Rosenberg, B. (2004). Using passive air
samplers to assess urban-rural trends for persistent organic pollutants. 1.

polychlorinated biphenyls and organochlorine pesticides. Environ. Sci. Technol. 38,
4474-4483.

Hekster, F. M., Laane, R., and de Voogt, P. (2003). Environmental and toxicity effects of
perfluoroalkylated substances. In Reviews of Environmental Contamination and
Toxicology, pp. 99-121. Springer-Verlag, New York.

73



Literature cited

Higgins, C. P., Field, J. A., Criddle, C. S., and Luthy, R. G. (2005). Quantitative determination
of perfluorochemicals in sediments and domestic sludge. Environ. Sci. Technol. 39,
3946-3956.

Higgins, C. P., McLeod, P., Macmanus-Spencer, L., and Luthy, R. G. (2007). Bioaccumulation
of perfluorochemicals in sediments by the aquatic oligochaete Lumbriculus variegatus.
Environ. Sci. Technol. 41, 4600-4606.

Houde, M., Martin, J. W., Letcher, R. J., Solomon, K. R., and Muir, D. C. G. (2006).
Biological monitoring of polyfluoroalkyl substances: A review. Environ. Sci. Technol.
40, 3463-3473.

Houde, M., Wells, R. S., Fair, P. A., Bossart, G. D., Hohn, A. A., Rowles, T. K., Sweeney, J.
C., Solomon, K. R., and Muir, D. C. G. (2005). Polyfluoroalkyl compounds in free-
ranging bottlenose dolphins (Tursiops truncatus) from the Gulf of Mexico and the
Atlantic Ocean. Environ. Sci. Technol. 39, 6591-6598.

Huckins, J., Manuweera, G., Petty, J., Mackay, D., and J., L. (1993). Lipid-Containing
Semipermeable Membrane Devices for Monitoring Organic Contaminants in Water.
Environ. Sci. Technol. 27, 2489-2496.

Huckins, J., Petty, J., and Booij, K. (2006). Monitors of organic chemicals in the environment -
semipermeable membrane devices. Springer, New York.

Jahnke, A., Ahrens, L., Ebinghaus, R., Berger, U., Barber, J. L., and Temme, C. (2007a). An
improved method for the analysis of volatile polyfluorinated alkyl substances in
environmental air samples. Anal. Bioanal. Chem. 387, 965-975.

Jahnke, A., Ahrens, L., Ebinghaus, R., and Temme, C. (2007b). Urban versus remote air
concentrations of fluorotelomer alcohols and other polyfluorinated alkyl substances in
Germany. Environ. Sci. Technol. 41, 745-752.

Jahnke, A., and Berger, U. (2009). Trace analysis of per- and polyfluorinated alkyl substances
in various matrices - How do current methods perform? Journal of Chromatography A
1216, 410-421.

Jensen, A. A., and Leffers, H. (2008). Emerging endocrine disrupters: perfluoroalkylated
substances. International Journal of Andrology 31, 161-169.

Jensen, A. A., Poulser, P. B., and Bossi, R. (2008). Survey and environmental/health
assessment of fluorinated substances in impregnated consumer products and
impregnating agents. (D. EPA, Ed.).

Jones, P. D., Hu, W. Y., De Coen, W., Newsted, J. L., and Giesy, J. P. (2003). Binding of
perfluorinated fatty acids to serum proteins. Environ. Toxicol. Chem. 22, 2639-2649.

Kaiser, M. A., Larsen, B. S., Dawson, B. J., Kurtz, K., Lieckfield, R., Miller, J. R., and
Flaherty, J. (2005). Method for the determination of perfluorooctanoic acid in air

samples using liquid chromatography with mass spectrometry. J. Occup. Environ. Hyg.
2,307-313.

Kannan, K., Choi, J. W., Iseki, N., Senthilkumar, K., Kim, D. H., Masunaga, S., and Giesy, J.
P. (2002a). Concentrations of perfluorinated acids in livers of birds from Japan and
Korea. Chemosphere 49, 225-231.

Kannan, K., Corsolini, S., Falandysz, J., Fillmann, G., Kumar, K. S., Loganathan, B. G., Mohd,
M. A., Olivero, J., Van Wouwe, N., Yang, J. H., and Aldous, K. M. (2004).
Perfluorooctanesulfonate and related fluorochemicals in human blood from several
countries. Environ. Sci. Technol. 38, 4489-4495.

74



Literature cited

Kannan, K., Corsolini, S., Falandysz, J., Oehme, G., Focardi, S., and Giesy, J. P. (2002b).
Perfluorooctanesulfonate and related fluorinated hydrocarbons in marine mammals,

fishes, and birds from coasts of the Baltic and the Mediterranean Seas. Environ. Sci.
Technol. 36, 3210-3216.

Kannan, K., Newsted, J., Halbrook, R. S., and Giesy, J. P. (2002c). Perfluorooctanesulfonate
and related fluorinated hydrocarbons in mink and river otters from the United States.
Environ. Sci. Technol. 36, 2566-2571.

Kannan, K., Yun, S. H., and Evans, T. J. (2005). Chlorinated, brominated, and perfluorinated
contaminants in livers of polar bears from Alaska. Environ. Sci. Technol. 39, 9057-
9063.

Karrman, A., van Bavel, B., Jarnberg, U., Hardell, L., and Lindstrom, G. (2006). Perfluorinated
chemicals in relation to other persistent organic pollutants in human blood.
Chemosphere 64, 1582-1591.

Key, B. D., Howell, R. D., and Criddle, C. S. (1997). Fluorinated organics in the biosphere.
Environ. Sci. Technol. 31, 2445-2454.

Kim, S. K., and Kannan, K. (2007). Perfluorinated acids in air, rain, snow, surface runoff, and
lakes: Relative importance of pathways to contamination of urban lakes. Environ. Sci.
Technol. 41, 8328-8334.

Kirchner, M., Henkelmann, B., Gert, J., Kotalik, J., Fischer, N., Oxynos, K., and Schramm, K.-
W. (2006). Concentration measurements of PCDD/F in air and spruce needles in the
Bavarian Forest and Bohemian Forest (Sumava): First results. Ecotoxicology and
Environmental Safety 63, 68-74.

Kissa, E. (1986). Determination of organofluorine in air. Environ. Sci. Technol. 20, 1254-1257.

Kissa, E. (1994). Fluorinated Surfactants: Synthesis, Properties, Applications. Marcel Dekker,
New York, NY, USA.

Kubwabo, C., Stewart, B., Zhu, J. P., and Marro, L. (2005). Occurrence of perfluorosulfonates
and other perfluorochemicals in dust from selected homes in the city of Ottawa,
Canada. J. Environ. Monit. 7, 1074-1078.

Kudo, N., Iwase, Y., Okayachi, H., Yamakawa, Y., and Kawashima, Y. (2005). Induction of
hepatic peroxisome proliferation by 8-2 telomer alcohol feeding in mice: Formation of
perfluorooctanoic acid in the liver. Toxicol. Sci. 86, 231-238.

Kudo, N., Suzuki, E., Katakura, M., Ohmori, K., Noshiro, R., and Kawashima, Y. (2001).
Comparison of the elimination between perfluorinated fatty acids with different carbon
chain length in rats. Chem.-Biol. Interact. 134, 203-216.

Lange, F. T., Wenz, M., Schmidt, C. K., and Brauch, H. J. (2007). Occurrence of
perfluoroalkyl sulfonates and carboxylates in German drinking water sources compared
to other countries. Water Science and Technology 56, 151-158.

Lau, C., Butenhoff, J. L., and Rogers, J. M. (2004). The developmental toxicity of
perfluoroalkyl acids and their derivatives. Toxicol. Appl. Pharmacol. 198, 231-241.

Lei, Y. D., Wania, F., Mathers, D., and Mabury, S. A. (2004). Determination of vapor
pressures, octanol-air, and water-air partition coefficients for polyfluorinated
sulfonamide, sulfonamidoethanols, and telomer alcohols. J. Chem. Eng. Data 49, 1013-
1022.

Levy, W., Henkelmann, B., Pfister, G., Kirchner, M., Jakobi, G., Niklaus, A., Kotalik, J.,
Bernhoft, S., Fischer, N., and Schramm, K. W. (2007). Monitoring of PCDD/Fs in a

75



Literature cited

mountain forest by means of active and passive sampling. Environmental Research 1085,
300-306.

Liu, J. X., and Lee, L. S. (2007). Effect of fluorotelomer alcohol chain length on aqueous
solubility and sorption by soils. Environ. Sci. Technol. 41, 5357-5362.

Loewen, M., Halldorson, T., Wang, F. Y., and Tomy, G. (2005). Fluorotelomer carboxylic
acids and PFOS in rainwater from an urban center in Canada. Environ. Sci. Technol. 39,
2944-2951.

Loewen, M., Wania, F., Wang, F. Y., and Tomy, G. (2008). Altitudinal transect of atmospheric

and aqueous fluorinated organic compounds in western Canada. Environ. Sci. Technol.
42,2374-2379.

Lohmann, R., Corrigan, B. P., Howsam, M., Jones, K. C., and Ockenden, W. A. (2001).
Further Developments in the Use of Semipermeable Membrane Devices (SPMDs) as
Passive Air Samplers for Persistent Organic Pollutants: Field Application in a Spatial
Survey of PCDD/Fs and PAHs. Environ. Sci. Technol. 35, 2576-2582.

Luebker, D. J., Hansen, K. J., Bass, N. M., Butenhoff, J. L., and Seacat, A. M. (2002).
Interactions of flurochemicals with rat liver fatty acid-binding protein. Toxicology 176,
175-185.

MacLachlan, M., Holmstrom, K., Reth, M., and Berger, U. (2007). Riverine discharge of
perfluorinated carboxylates from the European continent. Environ. Sci. Technol. 41,
7260-7265.

Maras, M., Vanparys, C., Muylle, F., Robbens, J., Berger, U., Barber, J. L., Blust, R., and De
Coen, W. (2006). Estrogen-like properties of fluorotelomer alcohols as revealed by
MCEF-7 breast cancer cell proliferation. Environ. Health Perspect. 114, 100-105.

Martin, J., Muir, D. C. G., Solomon, K., and Mabury, S. A. (2003a). Dietary accumulation of
perfluorinated acids in rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem.
22, 189-195.

Martin, J. W., Mabury, S. A., and O'Brien, P. J. (2005). Metabolic products and pathways of
fluorotelomer alcohols in isolated rat hepatocytes. Chem.-Biol. Interact. 155, 165-180.

Martin, J. W., Mabury, S. A., Solomon, K. R., and Muir, D. C. G. (2003b). Bioconcentration
and tissue distribution of perfluorinated acids in rainbow trout (Oncorhynchus mykiss).
Environ. Toxicol. Chem. 22, 196-204.

Martin, J. W., Muir, D. C. G., Moody, C. A., Ellis, D. A., Kwan, W. C., Solomon, K. R., and
Mabury, S. A. (2002). Collection of airborne fluorinated organics and analysis by gas
chromatography/chemical ionization mass spectrometry. Anal. Chem. 74, 584-590.

Martin, J. W., Smithwick, M. M., Braune, B. M., Hoekstra, P. F., Muir, D. C. G., and Mabury,
S. A. (2004a). Identification of long-chain perfluorinated acids in biota from the
Canadian Arctic. Environ. Sci. Technol. 38, 373-380.

Martin, J. W., Whittle, D. M., Muir, D. C. G., and Mabury, S. A. (2004b). Perfluoroalkyl
contaminants in a food web from lake Ontario. Environ. Sci. Technol. 38, 5379-5385.

Monarpop (2008). Monarpop Technical Report, Vienna.

Moody, C. A., and Field, J. A. (1999). Determination of perfluorocarboxylates in groundwater
impacted by fire-fighting activity. Environ. Sci. Technol. 33, 2800-2806.

Moody, C. A., Kwan, W. C., Martin, J. W., Muir, D. C. G., and Mabury, S. A. (2001).
Determination of perfluorinated surfactants in surface water samples by two

76



Literature cited

independent analytical techniques: Liquid chromatography/tandem mass spectrometry
and F-19 NMR. Anal. Chem. 73, 2200-2206.

Moody, C. A., Martin, J. W., Kwan, W. C., Muir, D. C. G., and Mabury, S. C. (2002).
Monitoring perfluorinated surfactants in biota and surface water samples following an

accidental release of fire-fighting foam into Etohicoke Creek. Environ. Sci. Technol. 36,
545-551.

Morikawa, A., Kamei, N., Harada, K., Inoue, K., Yoshinaga, T., Saito, N., and Koizumi, A.
(2006). The bioconcentration factor of perfluorooctane sulfonate is significantly larger
than that of perfluorooctanoate in wild turtles (Trachemys scripta elegans and
Chinemys reevesii): An Ai river ecological study in Japan. Ecotox. Environ. Safe. 65,
14-21.

Mulkiewicz, E., Jastorff, B., Skladanowski, A., Kleszczynski, K., and Stepnowski, P. (2007).
Evaluation of the acute toxicity of perfluorinated carboxylic acids using eukaryotic cell

lines, bacteria and enzymatic assays. Environmental Toxicology and Pharmacology 23,
279-285.

Niu, J., Chen, J., Henkelmann, B., Quan, X., Yang, F., Kettrup, A., and Schramm, K.-W.
(2003). Photodegradation of PCDD/Fs adsorbed on spruce (Picea abies (L.) Karst.)
needles under sunlight irradiation. Chemosphere 50, 1217-1225.

Ockenden, W. A., Corrigan, B. P., Howsam, M., and Jones, K. C. (2001). Further
developments in the use of semipermeable membrane devices as passive air samplers:
Application to PCBs. Environ. Sci. Technol. 35, 4536-4543.

Oehme, M. (1996). Praktische Einfiihrung in die GC/MS-Analytik mit Quadrupolen. Hiithig
Verlag, Heidelberg.

Olsen, G. W., Church, T. R., Larson, E. B., van Belle, G., Lundberg, J. K., Hansen, K. J.,
Burris, J. M., Mandel, J. H., and Zobel, L. R. (2004). Serum concentrations of
perfluorooctanesulfonate and other fluorochemicals in an elderly population from
Seattle, Washington. Chemosphere 54, 1599-1611.

Olsen, G. W., Church, T. R., Miller, J. R., Burris, J. M., Hansen, K. J., Lundberg, J. K.,
Armitage, J., Herron, R., Medhdizadehkashi, Z., Nobiletti, J., O"Neil, E., and Mandel, J.
H. (2003a). Perfluorooctanesulfonate and other fluorochemicals in the serum of
American Red Cross adult blood donors Environ. Health Perspect. 111, 1892-1901.

Olsen, G. W., Hansen, K. J., Stevenson, L. A., Burris, J. M., and Mandel, J. H. (2003b). Human
donor liver and serum concentrations of perfluorooctanesulfonate and other
perfluorochemicals. Environ. Sci. Technol. 37, 888-891.

Oono, S., Matsubara, E., Harada, K. H., Takagi, S., Hamada, S., Asakawa, A., Inoue, K.,
Watanabe, 1., and Koizumi, A. (2008). Survey of airborne polyfluorinated telomers in
Keihan area, Japan. Bull. Environ. Contam. Toxicol. 80, 102-106.

Pabel, U., Wolfle, D., Lahrsen-Wiederhol, M., and Lampen, A. (2008). Toxikolgie der
Perfluoroktansdure(PFOA) und der Perfluoroktansulfonsiure (PFOS). In Persistente
Perfluorverbindungen - eine Gefahr fiir Mensch und Umwelt? (R. Roder, M. Sengl, W.
Korner, H. Fromme, and W. Voélkel, Eds.), pp. 275-295. Bayerisches Landesamt fiir
Umwelt, Oldenbourg Industrieverlag, Miinchen.

Paul, A., Jones, K. C., and Sweetman, A. (2009). A first global production, emission , and
environmental inventory for perfluorooctane sulfonate. Environ. Sci. Technol. 43, 386-
392.

77



Literature cited

Petty, J. D., Orazio, C. E., Huckins, J. N., Gale, R. W., Lebo, J. A., Meadows, J. C., Echols, K.
R., and Cranor, W. L. (2000). Considerations involved with the use of semipermeable

membrane devices for monitoring environmental contaminants. J. Chromatogr. A 879,
83-95.

Phillips, M. M., Dinglasan-Panlilio, M. J. A., Mabury, S. A., Solomon, K. R., and Sibley, P. K.
(2007). Fluorotelomer acids are more toxic than perfluorinated acids. Environ. Sci.
Technol. 41, 7159-7163.

Plumlee, M. H., Larabee, J., and Reinhard, M. (2008). Perfluorochemicals in water reuse.
Chemosphere 72, 1514-1547.

Powley, C. R., George, S. W., Ryan, T. W., and Buck, R. C. (2005). Matrix effect-free
analytical methods for determination of perfluorinated carboxylic acids in
environmental matrixes. Anal. Chem. 77, 6353-6358.

Prevedouros, K., Cousins, I. T., Buck, R. C., and Korzeniowski, S. H. (2006). Sources, fate and
transport of perfluorocarboxylates. Environ. Sci. Technol. 40, 32-44.

Prokop, H. W., Zhou, H.-J., Xu, S.-Q., Wu, C.-H., and Liu, C.-C. (1989). Analysis of the
products from the electrochmical fluorination of octanoyl chloride. Journal of Fluorine
Chemistry 43, 277-290.

Rostkowski, P., Yamashita, N., So, I. M. K., Taniyasu, S., Lam, P. K. S., Falandysz, J., Lee, K.
T., Kim, S. K., Khim, J. S., Im, S. H., Newsted, J. L., Jones, P. D., Kannan, K., and
Giesy, J. P. (2006). Perfluorinated compounds in streams of the Shihwa industrial zone
and Lake Shihwa, South Korea. Environ. Toxicol. Chem. 25, 2374-2380.

Schenker, U., Scheringer, M., MacLeod, M., Martin, J., Cousins, I. T., and Hungerbuhler, K.
(2008). Contribution of volatile precursor substances to the flux of perfluorooctanoate
to the Arctic. Environ. Sci. Technol. 42, 3710-3716.

Schroder, H. (2008). Chemical and Physicochemical Elimination - Whereabouts and
Identification of fluorinated surfactants and their degradation products. presented at: 1*
International Workshop: Fluorinated Surfactants: New Developments; Idstein,
Germany.

Schroder, H. F. (2003). Determination of fluorinated surfactants and their metabolites in
sewage sludge samples by liquid chromatography with mass spectrometry and tandem
mass spectrometry after pressurised liquid extraction and separation on fluorine-
modified reversed-phase sorbents. J. Chromatogr. A 1020, 131-151.

Schultz, M. M., Barofsky, D. F., and Field, J. (2003). Fluorinated Alkyl Surfactants. Environ.
Eng. Sci. 20, 487-501.

Schultz, M. M., Barofsky, D. F., and Field, J. A. (2004). Quantitative determination of
fluorotelomer sulfonates in groundwater by LC MS/MS. Environ. Sci. Technol. 38,
1828-1835.

Schultz, M. M., Higgins, C. P., Huset, C. A., Luthy, R. G., Barofsky, D. F., and Field, J. A.
(2006). Fluorochemical mass flows in a municipal wastewater treatment facility.
Environ. Sci. Technol. 40, 7350-7357.

Scott, B. F., Spencer, C., Mabury, S. A., and Muir, D. C. G. (2006). Poly and perfluorinated
carboxylates in north American precipitation. Environ. Sci. Technol. 40, 7167-7174.

Seacat, A. M., Thomford, P. J., Hansen, K. J., Olsen, G. W., Case, M. T., and Butenhoff, J. L.
(2002). Subchronic toxicity studies on perfluorooctanesulfonate potassium salt in
cynomolgus monkeys. Toxicol. Sci. 68, 249-264.

78



Literature cited

Setkova, L., Hajslova, J., Bergqvist, P. A., Kocourek, V., Kazda, R., and Suchan, P. (2005).
Fast isolation of hydrophobic organic environmental contaminants from exposed
semipermeable membrane devices (SPMDs) prior to GC analysis. J. Chromatogr. A
1092, 170-181.

Shoeib, M., Harner, T., Ikonomou, M., and Kannan, K. (2004). Indoor and outdoor air
concentrations and phase partitioning of perfluoroalkyl sulfonamides and
polybrominated diphenyl ethers. Environ. Sci. Technol. 38, 1313-1320.

Shoeib, M., Harner, T., Lee, S. C., Lane, D., and Zhu, J. P. (2008). Sorbent-impregnated
polyurethane foam disk for passive air sampling of volatile fluorinated chemicals. Anal.
Chem. 80, 675-682.

Shoeib, M., Harner, T., and Vlahos, P. (2006). Perfluorinated chemicals in the Arctic
atmosphere. Environ. Sci. Technol. 40, 7577-7583.

Shoeib, M., Harner, T., Wilford, B., and Zhu, J. (2005a). Polyfluorinated telomer alcohols
(FTOHs) in indoor dust. Dioxin 2005, pp. 801-803.

Shoeib, M., Harner, T., Wilford, B. H., Jones, K. C., and Zhu, J. P. (2005b). Perfluorinated
sulfonamides in indoor and outdoor air and indoor dust: Occurrence, partitioning, and
human exposure. Environ. Sci. Technol. 39, 6599-6606.

Simcik, M. F. (2005). Global transport and fate of perfluorochemicals. J. Environ. Monit. 7,
759-763.

Sinclair, E., and Kannan, K. (2006). Mass loading and fate of perfluoroalkyl surfactants in
wastewater treatment plants. Environ. Sci. Technol. 40, 1408-1414.

Sinclair, E., Kim, S. K., Akinleye, H. B., and Kannan, K. (2007). Quantitation of gas-phase
perfluoroalkyl surfactants and fluorotelomer alcohols released from nonstick cookware
and microwave popcorn bags. Environ. Sci. Technol. 41, 1180-1185.

Skutlarek, D., Exner, M., and Farber, H. (2006). Perfluorinated surfactants in surface and
drinking water. Environ. Sci. Pollut. Res. 13, 299-307.

So, M. K., Yamashita, N., Taniyasu, S., Jiang, Q. T., Giesy, J. P., Chen, K., and Lam, P. K. S.
(2006). Health risks in infants associated with exposure to perfluorinated compounds in
human breast milk from Zhoushan, China. Environ. Sci. Technol. 40, 2924-2929.

Stock, N., Furdui, V., Muir, D. C. G., and Mabury, S. A. (2007). Perfluoroalkyl contaminants
in the Canadian Atric: evidence of atmospheric transport and local contamination.
Environ. Sci. Technol. 41, 3529-3536.

Stock, N. L., Ellis, D. A., Deleebeeck, L., Muir, D. C. G., and Mabury, S. A. (2004a). Vapor
pressures of the fluorinated telomer alcohols - Limitations of estimation methods.
Environ. Sci. Technol. 38, 1693-1699.

Stock, N. L., Lau, F. K., Ellis, D. A., Martin, J. W., Muir, D. C. G., and Mabury, S. A. (2004b).
Polyfluorinated telomer alcohols and sulfonamides in the north American troposphere.
Environ. Sci. Technol. 38, 991-996.

Strynar, M. J., and Lindstrom, A. B. (2008). Perfluorinated compounds in house dust from
Ohio and North Carolina, USA. Environ. Sci. Technol. 42, 3751-3756.

Szostek, B., and Prickett, K. B. (2004). Determination of 8 : 2 fluorotelomer alcohol in animal
plasma and tissues by gas chromatography-mass spectrometry. J. Chromatogr. B 813,
313-321.

79



Literature cited

Szostek, B., Prickett, K. B., and Buck, R. C. (2006). Determination of fluorotelomer alcohols
by liquid chromatography/tandem mass spectrometry in water. Rapid Commun. Mass
Spectrom. 20, 2837-2844.

Taniyasu, S., Kannan, K., Soc, M., Gulkowskad, A., Sinclair, E., Okazawa, T., and Yamashita,
N. (2005). Analysis of fluorotelomer alcohols, fluorotelomer acids, and short- and long-
chain perfluorinated acids in water and biota. J. Chromatogr. A.

Taves, D. (1968). Evidedence that there are two forms of fluoride in human serum. Nature 217,
1050-1051.

Thibodeaux, J. R., Hanson, R. G., Rogers, J. M., Grey, B. E., Barbee, B. D., Richards, J. H.,
Butenhoff, J. L., Stevenson, L. A., and Lau, C. (2003). Exposure to perfluorooctane

sulfonate during pregnancy in rat and mouse. I: Maternal and prenatal evaluations.
Toxicol. Sci. 74, 369-381.

Thuens, S., Dreyer, A., Sturm, R., Temme, C., and Ebinghaus, R. (2008). Determination of the
octanol-air partition coefficients (K-OA) of fluorotelomer alcohols. J. Chem. Eng. Data
53, 223-227.

Tittlemier, S., Pepper, K., Seymor, C., Moisey, J., Bronson, R., Cao, X., and Dabeka, R.
(2007). Dietary exposure of Canadians to perfluorinated carboxylates and
perfluorooctane sulfonate via consumption of meat, fish, fast foods, and food items
prepared in their packaging. Journal of Agricultural and food chemistry 55, 3203-3210.

Trudel, D., Horowitz, L., Wormuth, M., Scheringer, M., Cousins, 1. T., and Hungerbuhler, K.
(2008). Estimating consumer exposure to PFOS and PFOA. Risk Analysis 28, 251-269.

Upham, B. L., Deocampo, N. D., Wurl, B., and Trosko, J. E. (1998). Inhibition of gap
junctional intercellular communication by perfluorinated fatty acids is dependent on the
chain length of the fluorinated tail. International Journal of Cancer 78, 491-495.

Van drooge, B. L., Grimalt, J. O., Booij, K., Camarero, L., and Catalan, J. (2005). Passive
sampling of atmospheric organochlorine compounds by SPMDs in a remote high
mountain area. Atmos. Environ. 39, 5195-5204.

Vestergren, R., Cousins, I. T., Trudel, D., Wormuth, M., and Scheringer, M. (2008). Estimating
the contribution of precursor compounds in consumer exposure to PFOS and PFOA.
Chemosphere 73, 1617-1624.

Villagrasa, M., de Alda, M. L., and Barcelo, D. (2006). Environmental analysis of fluorinated
alkyl substances by liquid chromatography-(tandem) mass spectrometry: a review.
Anal. Bioanal. Chem. 386, 953-972.

Volkel, W., Genzel-Boroviczeny, O., Demmelmair, H., Gebauer, C., Koletzko, B., Twardella,
D., Raab, U., and Fromme, H. (2008). Perfluorooctane sulphonate (PFOS) and
perfluorooctanoic acid (PFOA) in human breast milk: Results of a pilot study.
International Journal of Hygiene and Environmental Health 211, 440-446.

Wallington, T. J., Hurley, M. D., Xia, J., Wuebbles, D. J., Sillman, S., Ito, A., Penner, J. E.,
Ellis, D. A., Martin, J., Mabury, S. A., Nielsen, O. J., and Andersen, M. P. S. (2006).
Formation of C7F15COOH (PFOA) and other perfluorocarboxylic acids during the
atmospheric oxidation of 8 : 2 fluorotelomer alcohol. Environ. Sci. Technol. 40, 924-
930.

Wania, F. (2007). A global mass balance analysis of the source of perfluorocarboxylic acids in
the Arctic ocean. Environ. Sci. Technol. 41, 4529-4535.

80



Literature cited

Washburn, S. T., Bingman, T. S., Braithwaite, S. K., Buck, R. C., Buxton, L. W., Clewell, H.
J., Haroun, L. A., Kester, J. E., Rickard, R. W., and Shipp, A. M. (2005). Exposure
assessment and risk characterization for perfluorooctanoate in selected consumer
articles. Environ. Sci. Technol. 39, 3904-3910.

Washington, J. W., Ellington, J. J., Jenkins, T. M., and Evans, J. J. (2007). Analysis of
perfluorinated carboxylic acids in soils: Detection and quantitation issues at low
concentrations. J. Chromatogr. A 1154, 111-120.

Washington, J. W., Henderson, W. M., Ellington, J. J., Jenkins, T. M., and Evans, J. J. (2008).
Analysis of perfluorinated carboxylic acids in soils II: Optimization of chromatography
and extraction. J. Chromatogr. A 1181, 21-32.

Yarwood, G., Kemball-Cook, S., Keinath, M., Waterland, R. L., Korezniowski, S., Buck, R.,
Russel, M., and Washburn, S. T. (2007). High-resolutionatmospheric modeling of

fluorotelomer alochols and perfluorocarboxylic acids in the north american troposphere.
Environ. Sci. Technol. 41, 5756-5762.

Yeung, L. W. Y., So, M. K., Jiang, G. B., Taniyasu, S., Yamashita, N., Song, M. Y., Wu, Y.
N., Li, J. G., Giesy, J. P., Guruge, K. S., and Lam, P. K. S. (2006).
Perfluorooctanesulfonate and related fluorochemicals in human blood samples from
China. Environ. Sci. Technol. 40, 715-720.

Yusa, V., Pastor, A., and de la Guardia, M. (2005). Microwave-assisted extraction of OCPs,
PCBs and PAHs concentrated by semi-permeable membrane devices (SPMDs). Anal.
Chim. Acta 540, 355-366.

Zhu, X. H., Pfister, G., Henkelmann, B., Kotalik, J., Fiedler, S., and Schramm, K. W. (2007).
Simultaneous monitoring of PCDD/Fs and PCBs in contaminated air with

semipermeable membrane devices and fresh spruce needles. Chemosphere 68, 1623-
1629.

81



Appendix

6 Appendix

List of publications:

Publication

Method development for the determination of fluorotelomer alcohols in semipermeable
membrane devices.

Fiedler, S., Pfister, G., Schramm, K.-W. (2007); Proceedings of the International Conference
on Environmental Management, Engineering, Planning, and Economics, Skiathos, Greece;
2697-2702

Publication

Partitioning of fluorotelomer alcohols (FTOH) to semipermeable membrane devices
(SPMD).

Fiedler, S., Pfister, G., Schramm, K.-W. (2010); Environmental Science and Pollution

Research 17; 420-428

Publication

Poly- and Perfluorinated Compounds in Household Consumer Products.

Fiedler, S., Pfister, G., Schramm, K.-W; Toxicological & Environmental Chemistry
(accepted).

Publication

Field Intercomparison on the Determination of Volatile and Semi-volatile Polyfluorinated
Compounds in Air.

Dreyer, A., Shoeib, M., Fiedler, S., Barber, J., Harner, T., Schramm, K.-W., Jones K.C.,
Ebinghaus, R.; (submitted) Analytical Chemistry

82



Appendix

8647
TS Put Joiag U0 MG 0D 12201p ou i Tagquanya ssuF e pasud asom (S s pur
(HOLA 201 PU¥ HOLA £°8 403 S ] noqe pue '42e3 HOLA &9 Pt HOLA 2 120 11 05} HOL4
s seqeaq v ‘ssodmd snpy 104 WO W SE[RMINDE PUE DU W s Apasiod ) ginoag
apenpuad o) apqe aae {4 wp smoys o) Aessacou sty sadues oassed se (g J0 280 g 104
OIS W1 U0 | e pue :U_Eb.v:o.n_ HOLA ST

‘s Juafuan S pasn s TP D), 061 JOo unuradw sanos w pur

A2 OF W uongusooen e aarsod g pouuogiad 250m J010210p DA S S Wl SO ST
Do 00 04 5 S AT IYSIEE

AL Cwur g] g PEA puv w3 G W ), 0TT 01 PATAIL A[un puv ‘mur ¢ o ppay put | unn
Do & W D 01T O8I O O W 2y 08 OF PARADLD w2t ‘i T 305 0, 05 W Py sem argusadus)
a0 a7 | o swmpon m sl e g 2y, gr woapow ssapnds mopauopead s swon i
Wi ] AU AL W SO0 o) Sy sy wogo v g paddmba sea gduSomumaga
SR QUL IOIRMAp MaAndAEe ssewm ool OS5 W meEsumg v o1 papdnos  gdwuSowmorgs
SET [ SAURG (ARC dH UE FuEn Spom SULICIUSM UoT PAXAAs Ul paunepiad 203 SIUMRmseI]
TOTE UIRp SW-30 FT

SO0 AQ pAurUIiap a5 HOLA

puT PIUPURS [T ST PAPPE SEM W ] T35 EIA 30 B ORI PSR PUT US00TU JO WS JWad v
I2PUN T ST INOQE 0] PAONPA FEM JUM0A ML HOW WS IR PN 22 saEpUe) G gl )
G101 UNQIE]) + (U (<) F-§10 WM PHONPUSD SEM J4§ T [ noqe o) pateandeas Lmes pue
Pa122[02 SEM “A[2an2adsal URNIE NIV ) PUE UCNRR HOSR ALL (XIH) 2umxa-u T 0] i
PRSRITS PO I-PINBI 2034 SDEINS MY PUR O SSU213TI3 ONNYS 0] PHSa) 2244 3% pue
MIORE WY HOPW S 7 JOT STUSATOS U JO T ()] U0 TUL{Es A0 pAIRONS pOw S201[E i
nD 2k (A S e 0y aFuuds il pg e Smsn uonn[os HoL 4 Jo uonoalun fq payids aem qids
unIRITED j0 uwonustond e e g

SO0 A PAOILZIRP 202 HOLA PUB PIEPUEIS [BULI2VUL S8 PPPE SEAM YA L6 [BA

CJy B OV PALINSURD) pue GaF000 Jo WeANs ST ¢ I3pan T )y IN0GE 0] PIINPAT SEAM SIM 04
AL WIALCS JO U § s PN atam safpLiea 945 (/) OVHE/HOMN Pue (171 21/ HOPW
HOSW "313 215M UDOR(D 10) PASI) SUMA0G YR U £ CHOAW Pu (31} e[
i pauniipued 2w safpuy (FW (01} 9101 uNogu) + (u pos) 410 puae (T goz)
TEAS (F1) 810 ] pue Su (g) F-8]1 7 224 SEUSHW G4 PASI], WS OL) TUMIELAL S40U1 0}
PAINPUD SEA IS PUI UONNIOS PLPULE O LA g payuds 0o S Jeg 2y T | noqe o)
paywodieas Annor ses swnoa U pue (HODA) [CURERDW 0 PRy 2o o ds osodind sag oy
PAIES) SISM UDIN|D J0] SIESA[OS PUE S[ELNENE USSP JHAIIP SN (d S Jo dn-uea)s 104
woiaeasa asvd pros po wonesiundg 7tz

“Apaanaadsag

(a4§) wopunxa asyd pyes o) soud pur wonoups o) soud gpgs o poyds aem wonngos
sup) g0 e pesn sa spmaarpARS momwnn(os JeO L wdd gz v spesomeades Ossooan pur ayds 1o,
AU L)

ua Ay -y ‘spdeg woay panmgqo sev g1 ying CAmuneny TIngsiny ousmousty wg
poswyamnd 2ram SETPLIUTD JUXEEDY [AUDAIP JUAAS [-E(I§ VNS Pt SOFPULTD - 10 TROE K05
YIUP[Y-TUITIS Wod) PAUIGe UM SITPLILTD 9] udxequ)) pur (Aund vga) wajen ] AuvuLnn
el wat -ap-apany weed) pastyand sea (rumsad) spmonidgg e [Py waneneng
Aq pamquisip s (aprioad goq) ojmmepan pur durogu (aprd Y IgH) PRy
“Aweuuan ‘urpag “ua1ag csdue) wory paumqo asam (3512 qowa u [pe] THOLA T01 "HOLS

FRWIGANGIT T DWRINGY T SHLAFUET T ATy [0 I Ay

D0LE-S80E SM0 L0O7 NI4T g ooy
SrapRey g spnmnd ey Fopwonoo T pre Tumeney Form sl e S ey
SESPARSR Y SOPEUTY B SRR [N T AT T B fec ) IO RE BN 2 G SRugpeasod g

% 'HOLA 9) HOLA paqeqe) ssupy dweuuon ‘oquespey mdwsyy woly pasegamd asom
(¥4 o) [pueaapldpwescapiad pue (HOLA 2201 "HOL £'% 'HOL £°9 "HOLA ) HOLA 241N
sjEMwWAN) '7

SOOHLAW ANV TV ALY IN T

s

PO LN 014 JO WO MR 10) J[QUINS Poaum [rand e i dopaop o) S Aprs sy jo
ssodid s sng ], [ | maorn jo wotmpas ro ([ st pardde sty [UmIORIT M o
pubip-prnbr “spanodwos mpod Aapsspows 1o (g7 W pAIEOXD 0D JO [RAOWE )] 0]
pasn wapgo st AyderFo oo wonuauad [ary (qpgd S 0 sisApme ap sop dos wepodun me s s
J0 wonuagung [ptor] me pue sges w spunoduns auwfn sgogdorpdy snours jo m unmusjap
aup g seapdums aassed seopasn am ‘o s paqy aavsqusn sualpgaded vogo Junsismos
TAWdS) soaasp sumqusm dpquaunadiusg soumus)unm 2arsuun put Aujaap annbar jou
op oty popaau am stapdums aassed seodosdde *seam paywpost w0 L4 JO UOTUIIXSP 3G 0y
[°8] st mdmos musEmonAD Ul vy 4d O U indqusp g

e apod jumaedun we Sepd Svwe oy g SSoees s o) ang [ ] (0 dd)d prov somnaooson e s
(W2 Ad) san (Axoquacmoniad smadomams [auajod poe jussd jo saomsqns sosmaand ajqeqosd
2 0] puno] aam HOLA CApeeery [9e gl prem ot Jo sueEas 0w pUT win up aujdsouns
aip W qEIRNep am HOLd [7T] sfunees poe “sioed sawied Smpopan suonesdde pusnpu
PUT [EIDESUIGD AT U7 250 PO VRO S[Raan s yeodunn 2 (0 L) SOq0eaT I aion]g

NOLLIOOHINT T

v SO A FpAROS 2 gSSea (VIS HOL Soq0oape a3 e sy spaom Gy

old PUT (i U3 UM POIIATH ST JO FIL2A0220

HOLA 2pow uonesmen [eanuaga aansed u Asueneds ssow Apde@opmon 528 £ paumuap
a3 0L CAfeuary uonesijund Iy o] pasnpuod st aonsenxs aseqd pijos W mry
WIAOU) JO [BACTIA JOJ JUUX ([ pagaenxa pmbi-pmbi aram s1oeixg 2] UNG0IRME Ul PAaenss
PR S33([E U0 N3 203 (45 payids ‘pusimosas am pofiam s o] paedmod araw dn-ueas
pun uoneEpe g0y saanpadond jeasap siapdums e sarssed seopaen (TS} S2TAIP IS
apquatmadimss o L4 JO USNENULARp 2 0] poqem [eandweae ue jusad aw pms sop o)
‘papaou st Sunduees sprudoadde aaagdsowne 3w O J0 wonEumLSop

DU 0] PG AL U} WL PO SUIWING U1 paraep sauAxequaconfpad jo siosmad s pagrmap
auam Ad) CApusssy Cspunodmed posn K[apiM pult S[0E0A A8 ()14} SOqOE S0
1Ay

ILEELRIC68EF+ X8 TE6TLR1 E6RG (PL BPISHT R pay uepas [ieuk-g sopne Jnpuodsamo,

Anpnieny ‘FuEai geecs £ fiag souegdasuagiag, Ui pani sy geps s oy
0 e “Sumenupre ] pun S By eeds o, WS Eyosuesig - Wi,
Aupunsacy TR qEAmAn o468 1 MSsenspumeT Inpaeso i)
KNS [EE0[00 J0 SJISU] (IESH PUE USIIGIATY 10] ST [2IESSSY U0 — 450
PR TR I LR R T B It LR

SIAIP UL | grawsadiwas w
S|OUOI] B IIWO[OI0N] JO WOT EUILLIAD U 105 Jumdopaap poyiapy

83



Appendix

LT

o5 PUE $07 UM aFu 2Uf) W

A HOL] peeAprue Jo saeseu s nasfey (o] ] (00 Moqe LR SE2| SSE NI\ 0 B (M S2MISNS
Ape oduwws gds Trousd ] umgopAye IUogs vodany pur dpnuiod 0w e spunodwoea
SEDM) DEA G _r.__.an_...u aIour (R4S 2 o u.—._._..ﬂ_.Hnu_.H HOLA 29 put HOLA £ Wi sunsse
M HOLA T9 Puv HOL T W) SS9 Spmuuiiue Jo $5pa0 ouo Inoqe sus HOLA 201 puv s3]
NG A T S HOLD TF WSO U ¢ IN0qE Summued (pds e ul HOLd 709 Pu HOL T
10 prmoy st S | wwEp U0 I S O BOTU R S o _..H.J.;_.M._. 2wy umuﬂ—.—__..—.ﬁ._.._._E J0 Iopad
.r.__HG TE Y .Eu_.—._._.u_lu_.—_..ﬂ_.a—.__ 0] ..—.__._.mEan pasn SPATPIArS [0 STUN SSIWE I h..u_..ﬁu._._nﬁ anur a2 (A 45
pPorpe uwt O Jo staar ssrpy NS W Uonunumaon pen Eu__.ﬁn_.uﬂup _".Hunu.m,_. praoys HOLA
CAS U uone nwnaae pue woneaauml o g ¢

.w._..Hu.—w. EECOIIE I EEEY | O EUEFLEEETERTERE 17 EfJT A V...EH—T.JUD:..—

_..HHT_H._._.U_U rum CEOTEMEINCD U o AnEEaaan S1 U POaisa 20y o .—_HUEU.KHH_.HE_ J2ALLIN FOx) ST ] —v_ e _
ampaoond [EanApee 2 Fmmp pargdde st das vonenuaoued 20 LU0 g Cpasape Apsoum
HOLA T01 PO HOL T8 ‘HOLA 09 407 940 WL F3[E 0] SHE A 2mes)] u] dn-uea)a Smmp
HOLA Jo s50] Sunuasmd sis [ am sjena pae sI0unxs Jo uonenuadud Smn[o s, “sam o
2T AT 01 INIUNP A2 S0 CHOLA T 0 Aepads? HOLA 30 Ainees q3ug ag o ap
TANAMOH UL ] PUE ) W22 M0 2T wnunde 2o jo smopaq am anpaaedd S je sauas0 [0 L4
SN0 At PRINSEUN B[} PUE SHTPILED (T8 001} 0101 WX PO (T 00<) 3510 P 345

Aq patpund Jgung 20w SI3TAKT NI 1M Bonsena pmbi-pmbip Aq pamo[[o] NI s Bensen
SEAL SN0 HOLd 2qumdacon pup [RACWIDE WI0U) 1520 PIM 20D JO POIRAIT A 200l
D NSEL] [ 21

paAfossTp Afued ST [ SE MI[OLN A0 pae X3 uondena pinbi=-pmb Summogad wage ‘paey
A ) U HOA U TR0 o Agnies mgag e Aq panedya aq Sew puey auo ) 0o s
wonesode s Ao I S1R0N2 O U1 2SI Sea mioum uenaenxa pub-pib o easg
THO (A TN o SRS U0 §SE[] S0 U7 3[qIE (4 SE I3[0 o0 “Tul | o) uonendess el
Y Uonenxa pinb-piabi Aq pavoqo] NI (I GONIEIND AQ POAIIIE SEM [EAOTEM IO
[E2] IDADMOH CEIIDACIAL S0 PAMOUS HOSW i uonaenxe ‘wonaenx pibi-pimbr o nogi g

s Fee 520 HOLI 01
ygg £0¢ 679 HOLA T8
UTE reb 58 HOLA 29
8Ir $9¢ 8op HOLA TF
xaH X2H

NV HO?W HOW

Tg=u) X2 [ s uonaunxa pmbi-pmbyy Aq pasojjog
Apruondo Ny 10 HOSW M QNS JO monaenxa Jo (b)) seupaooar mwam HOLd f qEL

.mu_n_dr_ln_n__._cn_v.u.an:u#.:ruhd
POSN SIUDALOS JUIDP P J0 SILIAA000 O[] S0 iU Ul JURIEE 25 I 08 25 pouopad
IO ST ROV 10 XO[] v uonornxe pbtppmbry siomms ayg pum SURon j pauluiap
AMIM EIIDADIN ()L Ou puw paaapusd sesm dneunsp spang oo S CmS(ou) posjossip
JO jumoune T jo sneaag u | o) pajeodias Ao 2 j0u proed 2y P a0 ur Sy

HOTEYRIPGY Jor 1oy _E_Ec e

“AIIRSTIES 10U [[T5 2030 IO IAAMMOH SIUIIA0N HOLL 4 1S3 UE W] POT [RACIIA] W3[0

AT

Eaq pasoys (S ol wesogue + (Fw sl 510 JO uenny ucHrumruey S0 ploar of
PRUTLLIFAP 10U 2130 SIUIACIE [{) ] “S2TpLIID -5 J0] UMD J0U ST WO JO )Ty

S g
JUAIENSUL [MEsEME [nIEsaIMNE [njEsaIMNE B A0 |
1 6'LT '8z HOLA 2401
Lt 0 TE LTE HOIA T8
LTS el L' HOLd T%
0'sk ¥ 65 0 HOLA T
[NESIEGET ESWHHOMN LTV EMHOMW 1T AYVIHOI [TE]
UN0gIe ) + J-810 TR0 + 4-810 m_ 810 m_ Ei] JURMEOERY

T =1 TUaA D5 JO T § (TR iorn[g
SIUPOSPE JJS WATIP J0 [ 5] SAM00 UMW JOL T HVL

T ARL W UAMOLE
U FNENY PSSk SUUOSPE T4 JUSIIp SIU0AI HO1d 10 ._:3_“5._.0:._:._ I3 0

“AICIDEIS NS WU [[NS 22 1N 0G5 68 01 € T 01 PRSTINT SILIIA0ITY T g 0 ¢ Wl
HORA J0 1Mo [ 50N 0 PAPIIsp SEM 11 THOL Jepoduc 5o Jo saaacdas e 198 o

[y 55220ns ST s TR ] msare R3] s [Es2nE | AR WAL
765 T wor T v6L HOLA 01
tst Tor §TF 678 T HOLd T8
Tes Stb ¥k £88 ey HOL4 79
§TF TsE W3 ¥ 6t 15 HOLA T
g g s g g g

HOPW 11 2% HOAW I + HOMW T 2V HOPW HO2W
[ g=t1) SEpLLEN T (<) F-517) JO uonnp:
10 POSTL SUEAA[0S PUREDPJIP JO [04] SILIA0000 WeH LA 1 A9 1

(1 21qe 1) Sy nsa 1520 2 pasoys HOR s wonngs

R R (IS WOl o jo m,E...GEE.:.d _uucbI HOLA SOl pat HOIA O°% ._._..__.ﬁcoc AU S
0 AIDADRID DAUPOS AR U 08 Jrjod @ IO WO 10 paEn s 0F di jo Suejod Fuseaou
[ PIETAIDIP SIAD UL WSN0D WA[0U ] uonn|d SFpLIs 10) a(quns jou aam ()] ) oy I /HOW
Pt 3% SN CWNSAE GO0 S J0 UOHRUIIIEUEY PIOAE O POUIILNND 00 2 SDI2A0AI
HOLA Wa(oL) jo wajues qiiy sy o) 0] SHUaqIespt 345 pasn ([t 1 ud(ow jo ginomgeag
wour pajnsas v..n#..._r_d _._“_.— MWIAHO2W 0 2% .m,_.ﬁ_a_.._. W P .a.um,_.mw_.nr_..—-.u 4S5 Jo uonnpg
uopaeaxa aseyd pyos jo vonesiund gy g

NOISSOOSI0 ANV SLT0SHY '€

SO0 AQ PRIMUIEP 304 HO L
m!._.._..' my._.._.'muﬁ_.._i._..a.. _qE_.u.——.: s mu”umumu._.- S _-n.-._m Nnu ._q.v_.r L__ru_ w nu._.nn_ mu..yhn..ulu s mun_.._.- E_.um_.nu.:_ﬁn m_“u s U_E..u.m,_.
T IDPUN U f) INOGE O] PRONPA ST W04 JU] HORRY T Y [ panga aram safpupey (S
0T} 101 By + (G (5] 3-8170 W PAINPEOD 514 548 TS XIH TUH ] 11 BOr
pubr-pbyy Ag pamoror WAV T (01 UL S T 100 pIsHRG pun (HOLA T01 PU HOL
T8 "HOLA T9) HOL PAIRGU] s5tw iva paojids o m (NdS 290108 QNdS 24 0 PAuspy HO L
AROWAT 0] W20 APS U PASULT 2038 (TS 2 puw pauado ses UG 2] “[Uom 300 127y

TR 7 It PR A0 ]

84



Appendix

L

“s6-£8 (1) 618 W dydeaSoiowosy ) o poraner SIS [HUDEHALALS SULIGHUOu 1)
SDOLADP MG AN JEUAUadIss Jo 260 2 [ paAJDAT SIONIIPELOY) (0T ©7 AL 1o
e BT R e e i e B R L i Y e T T R R R R R R

08
- 108 TPUED) TIU0MO | (SMNY Py PUR I T CSPR) COOC IR SA0d pup st jod spuwiio
[P RAUNCIAND PACUITONN U0 WIESOUULS JOUOIDWAN  CT (0 STuipasocd 1P woput ul
(SHOLLA) SIOYe(E JIXue(2) pATULSN[IA[0d "C00T [ MYZ PUE “F PIOJIM, L FXUTH I "qrRons <]

TT

LTI-E1] (T 1) 098 Brap panu 7y papdouy Sl
dni Joopur oF posn ﬁwcﬁmmv S201ANP DU UL u_n_.gn TS W) Sp sl ?Eﬁu.rﬁ
JO UOTIEINS PASESE-2UEOISN HHT N PG U 3P put Y 0 Uy SELUR] -S4 |

GOEssE (THOFS BraE
DAy BArUE (SCNAS) SIASP SURMQUEND Squad-10e A) pOnuoNed Sy, put
SHI $d D0 J0 HOHMAXD PASIEST-0ATMOIN “SO0T T TIPIUNG U] 9P pun “y Ieisug Ty g ]
THSE0rSt (TT) SE AFOOUYAAL I FOUAIG [RTUAMUC JALT
sE0d o0 wonuanddy aadums e sassed seosaoep sunmuiam dquanuadiuas o am
s AP S |07 D) SHUOr Uy ‘umsaop “g f weEIes) g g uspuayas 7|
HTs-501s (87) o€ urunionauy auaydvougy
WA UIUNOU gE ) Ao u sqds Aq spunodmes aruopppom o suaydsoune jo Furdums
g go0g T wmEe) pun 7 ‘oramme) “y ‘loog CQ [ puun S g eioep wep |
5 1HE1 1T 00 Whejoamrof
srppnby Aps [rusmmoarans srunbe ur saasp sunmueaw djquanadiuss Summruod-us oLy
Jo uonexdide pue punosayaeq M 0 MSATY TONT T SMINY puw T 7 CSuRg g A T 01
DTRE-GI8E LI LE
WRepouwDa ] B AOUAIS [PINMENCAIANT SIOY0IE INHO[H0IN]] J0 Umap] Juagdsouny g0z T
"L UOVFUIE A PR O ] TRSIRPEY I AILNH YOS AR T IR Y S 6
HOGT-E06T (6 0F THOOUGIAL T AN I IOIUANUDIALT “3XMOG 0] UDIE[ZH0]) [BIUIe oo
UL UE ST[ANCQII00N[I [0 uonnquisip IMues] ooz <y S SAnquRY pue 0 W BAIS X 8
IZEE-1EE (TN §F ARojouwyaa [ F 20UNIT INAUUOIANT SPIE H]AX0QID paeumonad
J0 2N0S IIASOWE A[I] 7 OS[OYOIT IIWO[00A[] JO USHEPTISNT FO0T T L UoIFure
pue g " W USIRPUY (1 W AU T S ANQER 0 Y BANG A0 M T U TV QS L
ERSLLISL TRT) OF WH o] P AN JOIHAMHOLAUT
“ardsoune 20y ) U SEIWII PARULDN[I] G007 *d SOUE[s, pue = | IWeH CJ ‘qRousg o
“OiGe166 TP B (Tofouaa] P 2030 [OIUMEHOAANT
adsodon UeIUMNY  QUON 2] U0 SIPIMEUDINS pUE  SOUONE 1IN0 PAEULOA[L[D]
THNIE Y S CAINERy pue 0y D) e I A T U Y (] SIS T e T N g
6s-18s E) b Wasneay ) pondpuy  Anpuoaaads s ueoeia e gy ydufo oy
sl g ssApuue pot SomEiIo pANULON[] SWOQIE JO IS0 TO0T UY'S  Angujy
puw Y Y ‘uowolog D M ueey Y SIIE Y D Aoyt D QI M T ey
TSLSL E) I WFOpOOa] P S0UBLR [EIUMIUOMAUT
CAUUIDC) UL SIOUHSQNS | Ay | pauLDn[iA od Do pul Spogqoa(i IS0[E00n() Jo smon e e
I NOWA SASIAA URGQI) LOOE D SWma] paw vy Csaeyiuigy ] susmy Uy Caquyef g
) PRRT-LERT (61) OF “arancioady
ssopy wl Suwormonioy proer s w Answonasds ssemn wespuryAgdesfopmongs  pubi
Ay S[OYODT AU I0ICAN) 1O BONTMILLNAT 0T ©D Y g pue Cg 3 Beang fg pseg g
ESPI-LAE] (S) 0 ARopouyaa] p AuAIG [DTUAUGLIAU *STTLISJTE PAJTULION[| SOLTA
UL SOYO U PANULON]] [FOPISaE WRULELS g7 ©y § SAmgupy pu Sy gy on e g-uesuiEugg -

W

EERTTENETE

“ENE U SO U0 ) L] Mo put “anmuaadie) Turdma ‘sunnipaes s m jo spaedun

o) pasodxa ant (45 2y prau i ur sodus e aussed se s 1590 o) wipd 2w sarpms aumng
uy spunodurea s go Anpoeoas yFup ap pu Aweom Sueey apquidason o ampaoosd woneagmd
pul UDOOUIPG AN JO SISA00AL HO L] CWAOU) W SR po S g4 ) yinong
apegauad o) 2pqe 20 OLA  HOLD 09 seapduwes e oarssed s pasn 2w (1 py4S 0H WAoys st )]
NOISNTONOD 't

FRgRgod F .qk._w.ﬂ._a..-.-ﬁb_a.uua.&

85



Appendix

Environ Sci Pollut Bes (20007 17:420-428
DOT 10.1007/51 1356-0000237 -y

AREA 6« ENVIRONMENTAL ANALYSES AND MONITORING « RESEARCH ARTICLE

Partitioning of fluorotelomer alcohols (FTOH)
to semipermeable membrane devices (SPMD)

Stefan Fiedler « Gerd Plister - KarkFWerner Schramm

Received: 3 March 2000 [ Accepted: 14 August 2008/ Published onhne: 17 September 2009

[ Springar-Verdag 20(9

Abstract

Background, aim, and scope Fluorotelomer alcohols
(FTOH) are widely used substances that were detected
even in remote regions of the world. For the determination
of FTOH m the atmosphere, appropriate sampling techmni-
ques are needed. In this study, tnolein-filled low-density
polyethylene tubes were used as semipermeable membrane
devices (SPMD) and tested for their suitability as passive
air samplers for FTOH.

Materials and methods Partitioning to and from SPMD were
mvestigated for four FTOH of different chain length and
concentration levels m laboratory and field expenments. FTOH
were extracted by higuid-lquid extraction with acetonitrilen-
hexane 1:1 and determined by gas chromatography (GC)-
positive ion chemical fonisation mass spectrometry (MS).
Results FTOH behaved differently depending on applied
concentrations. At high FTOH levels, compound passage
through the membrane and uptake appeared to be best for
6:2 FTOH, but passage of long-chain FTOH was m the
same order of magnitude. At low FTOH concentration
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levels, mass fransfer and uptake was best for short-chain
FTOH. Partitioning of 4:2 FTOH to SPMD exceeded
partitioning of 10:2 FTOH by nearly two orders of
magnitude.

Discussion FTOH partitioning to SPMD seems to be
dependent on the fluorinated chain length and controlled
by the SPMD membrane acting as a barner. Migration of
long-chain FTOH through the membrane was hampered,
probably due to the oleophobic properties of the fluonnated
alkyl chain. Because of the constricted diffusion of FTOH
through the SPMD membrane at low FTOH levels, an
adequate accumulation in the passive sampler 15 prevented.
Thus, sensitivity of the analytical method in combmation
with the enrichment of FTOH in SPMD was not sufficient
to achieve adequate method detection limit at low FTOH
levels.

Conclusions Application of SPMD as passive air samplers
for FTOH did not seem to be a suitable method for
envirommentally relevant FTOH concentrations.
Recommendations and perspectives As a conseguence, we
can only recommend the use of SPMD for FTOH of
presumably high contamination levels.

Keywords Atmosphere - Carcinogenicity - Fluorotelomer
alcohol - GC-MS - Passive samplers - Perfluorocarboxylates
(PFCA)

1 Background, aim, and scope

Fluorotelomer alcohols (FTOH ) are important raw matenals
that are applied in many commercial and mdusmal products
including polymers, paints, and coatings (Dinglasan-
Panliio and Mabury 2006; Szostek et al. 2006; Villagrasa
et al. 2006; Sinclair et al. 2007). They were detected in the
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atmosphere in wban and remote regions of the world
(Drever et al. 2009; Martin et al. 2002; Shoeib et al. 2006;
Sinclar and Kannan 2006). FTOH were identified as
precursor substances of persistent and potentially carcino-
genic perfluorocarboxylates (PFCA), like perfluorooctanoic
acid (Dinglasan et al. 2004; Ellis et al. 2004; Martin et al.
2005, Wallmgton et al. 2006). Due to their volatility,
atmospheric transport of FTOH is, besides transport by
ocean currents, one of the hypothesized pathways consid-
ered as explanation of the global PFCA distnbution
(Wallington et al. 2006; Ellis et al. 2003).

Often, high volume samplng 1s applied for FTOH
analysis in air (Kim and Kannan 2007; Drever and
Ebinghaus 2009). However, for the determmmation of FTOH
in solated areas, appropriate passive samplers are needed,
which do not require electricity and imtensive maintenance.
Polyurethane foam disks (PUF), impregnated with XAD-4,
and tubes filled with XAD-2 were recently wsed for FTOH
determination (Loewen et al. 2008; Shoeib et al. 2008).
Dialysis tubings henceforth referred to as semipermeable
membrane devices (SPMD), consisting of a low-density
polyethylene (LDPE) membrane filled with triolein, were
uwsed as passive samplers for the determination of vanous
hydrophobic organic compounds such as polyaromatic
hydrocarbons, polychlonnated biphenyls, and polychlon-
nated dibenzo-p-dioxins and dibenzofurans (Levy et al.
2007; Lu et al. 2002; Van drooge et al. 2005, Zhu et al.
2007). In contrast to PUF disks mentioned above, they can
he used in water and air. Furthermore, the material
accumulating the pollutants is better protected against
environmental disturbances. Accumulation of pollutants
by XAD-mpregnated PUF disks is only dependent on
partitioning between XAD and air, whereas for SPMD,
entichment can also be affected by diffusion of the
pollutants through the LDPE membrane. Until now, SPMD
were not applied or evaluated for their suitability in the
sampling of FTOH in air. Due to the oleophobicity of the
fluorinated alkyl chain, it & important to know, whether
FTOH are able to pass through the membrane of SPMD and
accumulate in triolen. In this study, the migration of FTOH
m and out of molein-filled SPMD was quantified for
different initial FTOH amounts and discussed in terms of
overall effectiveness and hmitations.

2 Materials and methods

2.1 Materials

Pertfluorobutyl ethanol (4:2 FTOH), perfluorohexyl ethanol
(6:2 FTOH), perfluorooctyl ethanol (8:2 FTOH), perfluor-

odecyl ethanol (10:2 FTOH; 97% each), and perfluorome-
thylnonyl ethanol (922 FA, 98%) were purchased from

Chempur, Karlsruhe, Germany. *H,'*C, labelled 4:2
FTOH, &2 FTOH, &2 FTOH, and 10:2 FTOH ([M+4],
98% each) were obtamed from Wellington Laboratonies,
Guelph, Ontario, Canada. Perfluoroheptyl methanol (7:1
FA, 97%), perfluorooctyl methanol (8:1 FA, 98%), and
perfluorononyl methanol (9:1 FA, 98%) were kindly
donated by GKS8 Research Centre, Geesthacht, Germany.
Envi-Carb (250 mg) cartridges were obtained from Sigma-
Aldrich, Taufkirchen, Germany. Acetone, acetonitrle,
methyl-tert. butylether (MTBE)., and n-hexane (all
picograde) were purchased by LGC-Promochem. Wesel,
(ermany. Ethylacetate (pestanal) was obtained from
Riedel-de-Haen, Seclze, Germany. SPMD (LDPE lay-flat
tubmg, length 23 om, width 2.5 em, membrane thickness
65 + 2 pm) were purchased from VWER, Darmstadt, Germany,
and filled with 0.7 mL triolein (99%, Sigma-Aldrich,
Taufkirchen, Germany ).

2.2 FTOH migration out of SPMD
2.2 ] FTOH migration out of SPMD into air

In a first experiment, release rates of FTOH m SPMD were
mvestigated. For this purpose, tioleinfilled SPMD were
spiked with 25 pg of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and
10:2 FTOH each and sealed agan. Because of the high
FTOH amowunt, 0.1 ml was chosen as cammer solvent
volume. Since the solvent volime was relatively high
compared to the volume of triolein (0.7 mL), acetone was
applied as carrier solvent. Acetone is very volatile and thus
can easily penetrate through the SPMD membrane, result-
mg in a rapid decline of solvent content after deployment.
By this measure, effects on the partitioning of FTOH
between tnolein and air were minmmized. SPMD were fixed
m a Stevenson screen box made of untreated wood and
placed 2.5 m above ground level at the area of the
Helmholtz Zentrum Minchen located m the north of
Mumich, Germany. There, they were protected from direct
sunlight and wet deposition, and air flow turbulences were
minimized (Levy et al. 2007). This experimental set-up
prevents any saturation effects of FTOH in the air
resulting in an equilibnium between FTOH concentrations
in air and SPMD. After 0, B, 16, 32, and 64 days of
deployment (September to November 2007; temperatures
between 5°C to 22°C), SPMD ftriplicates were collected,
and the FTOH concentrations were determined as
described in sections 2.4 and 2.5. If SPMD were not
analysed immediately after sampling, they were stored
at —30°C. In this expeniment, 7:1 FA, 8:1 FA, and 9:1 FA
were used as internal standards for caleulation of FTOH
recoveries. For each tnplicate sample, one blank SPMD
that was shortly exposed to ambient air was analysed
simultaneously.
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222 FTOH migration out of SPMD into solvent

In a second expenment, FTOH migration out of SPMD was
tested by dialysis of SPMD, which is a common extraction
method I routine SPMD analysis (Bartkow et al. 2004;
Boogj and Van drooge 2001; Huckins et al. 2006; Lohmann
et al. 2001). For this purpose, tmolem-filled SPMD were
spiked with 0.1 pg of 4:2 FTOH, 6:2 FTOH, &2 FTOH, and
10:2 FTOH each in S0pl ethylacetate and sealed again.
Ethylacetate was chosen, because evaporation of the carmer
solvent was not necessary in this experiment. SPMD were
extracted two times 24 h usmg 200 mL acetone™TBE (v
I/1; Dreyer et al. 2008). After that, remaiming FTOH n
SPMD was extracted as descnbed in section 2.4, Tt 1s
mportant to note that for this third extraction step, the
SPMD tubings were cut into slices, and acetonitrile/hexane
(wiv 11y was used for extraction, because this solvent
mixture s crucial for extract purification. Prior to each
extraction, mass-labelled FTOH were added as recovery
standards. Extracts were analysed separately. Dialysis
extracts were concentrated and punfied by solid phase
extraction using Envi-Carb cartridges, which were ehited
with 5 mL acetone/MTBE (1/1). Then, extracts were
concentrated to 200pLl using rotary evaporation and a
gentle stream of nitrogen. FTOH were determined by gas
chromatography-mass spectromery (GC-MS) as described
below.

2.3 FTOH migration mto SPMD and pure tnolein from air

To investigate migration of FTOH through the polyethylene
membrane and accumulation in triolein, several glass
chamber experiments (GCE) were conducted. In general,
a beaker with a known content of FTOH and some SPMD
were placed in a glass chamber (volume 10 L, Fig. 1)
Beaker and SPMD were not in direct contact. Deployment
time and spiked FTOH levels in the beaker were vaned.
During exposure, the glass chamber was kept in the dark
at room temperature. After deployment, the chamber was
opened, and FTOH concentration in exposed SPMD and
m one blank SPMD was determined as descnbed in
sections 2.4 and 2.5,

I

+J----e-emese--- chamber
C—————1
e T T SPMD
——————n1

Fig. 1 Expenmentdl setup of glass chamber expenments

ﬂ Springer

88

231 FTOH migration into SPMD and pure triolein
Jor high FTOH levels

Firstly, three SPMD were exposed to a mixture of
10,000pg of 4:2 FTOH, 6:2 FTOH, &2 FTOH, and 10:2
FTOH each, which were directly weighed into the beaker,
for 31 days (GCE I).

Secondly, four SPMD and a beaker with | mL of pure
riolein were exposed to 10,000pg of 4:2 FTOH, 6:2
FTOH, 8:2 FTOH, and 10:2 FTOH each for 47 days. Pure
triolein was not supposed to decrease in volume due to its
very low volatility. For two of the SPMD, the outer side of
the membrane was nnsed. Trolein and the PE tubings of
those SPMD were amalysed separately for their FTOH
content. Pure molein was dissolved in 50 mL n-hexane and
then analysed like SPMD as descnbed below, starting with
liguid-liquid extraction.

232 FTOH migration into SPMD and pure triolein for low
FTOH levels

Agam, (GCE were used to mvestigate partitioning of FTOH
to SPMD and tnolein. In GCE 111, three beakers, each filled
with 0.7 mL of triolein (without tubings), were exposed to
0.2pg of 4:2 FTOH, 6:2 FTOH, 82 FTOH, and 10:2 FTOH
each for 15 days. FTOH i triolein were analysed as
described above. Remamming FTOH m the beaker were
determined by rinsing the mner glass wall of the chamber
and the beaker with ethylacetate followed by concentration
to 200pl by rotary evaporation and a gentle stream of
nitrogen.

In GCE IV, three SPMD (tnolein and tubings) were
exposed to 0.1 pg of 4:2 FTOH, &:2 FTOH, &:2 FTOH, and
10:2 FTOH each for 15 days. In addition, remaining FTOH
mn the beaker and adsorbed to the chamber were determmed
by nnsing the immer glass wall of the chamber and the
beaker with ethylacetate followed by concenfration to
200pL as described above. Ethylacetate was used as carrier
solvent in GCE 1T and GCE TV,

2.4 SPMD extraction and clean-up

Removal of co-extracted triolein 1s the essential step in
SPMD analysis. Gel permeation chromatography (GPC)
often used for this purpose (Ockenden et al. 2001 ; Yusa et
al. 200%5). However, for FTOH analysis, GPC is not suited
due to possible contamination from Teflon parts and analyte
loss. Instead, an improved analytical method based on
Esteve-Turrillas et al. (2006) and Fiedler et al. (2007) was
applied, using ligquid-liquid extraction for molein removal.
SPMD were cut into slices, transferred into glass vessels,
and mass-labelled 4:2 FTOH, 6:2 FTOH, &2 FTOH, and
102 FTOH were added. After addition of 100 mL
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acetonitrile’n-hexane (wv 1/1), SPMD were extracted by
shaking for 24 h. Extracts were transferred into separatory
funnels, and 100 mL acetonitrilen-hexane (wv /1) were
added. Funnels were shaken for about 2 min. After phase
separation, acetonitrile phases were collected and concen-
trated to 200pL by rotary evaporation and a gentle stream
of nitrogen. 9:2 FA was added as internal injection standard,
and FTOH were determined by GC-MS. Triolein containing
n-hexane was discarded.

2.5 GC-MS determuination

Fluorochemicals were determined using an HP 5890
Senes [1 gas chromatograph (Agilent Techno logies, Waldbronn,
Germany), coupled to a Finnegan Mat S50 7000 mass selective
detector (Thermo Scientific, Dreieich, Germany). The gas
chromatograph was equipped with a 60-m VMS cohmmn
(025 mm inner diameter, 1 4pm film thickness; Restek, Bad
Homburg, Germany). Helum (5.0, Linde, Hollnegelskreuth,
Germany) was used as carrier gas with a constant column
head pressure of 175 kPa. Injections were performed in
splitless mode at 220°C with an injection vohume of | pL.

The oven temperature was held at 50°C for 2 min, then
clevated to 80°C at 10°C min ', to 110°C at  5°C min
and held for 3 min, and finally elevated to 220°C at 157
C min ' and held for 15 min. The transfer line was set to
300°C.

Iomisations in the mass selective detector were performed
by positive chemical lonisation at 70 eV and a source
temperatuwre of | 30°C. Methane (4.5, Linde, Hollnegel-
skreuth, Germany) was used as reagent gas. Detections
were performed in selected iom monitoring mode.

3 Resulis
3.1 Analytical parameters and gquality assurance

Using the new analytical method for SPMD, recovenes
between 42% (4:2 FTOH) and 73% (8:2 FTOH) were
achieved with relative standard deviations from 14% (6:2
FTOH) to 22% (10:2 FTOH). In contrast to the method
described in Fiedler et al. (2007), only lquid-liquid
extraction and no solid phase extraction was wsed for
purification. Thus, just one concentration step was needed
resulting in higher recoveries for volatile FTOH. Hence, the
tinal volume could be reduced from | mL to 200pL, and
therefore, the methodical detection limit was mproved to
5 pepl ! hased on a signal to noise ratio of 3/1

FTOH were only detected in blank samples of GCE 1,
GCE 11, and of expeniments investigating FTOH migration
out of SPMD into ar, when high FTOH levels were
mvolved (10,000 and 25pg, respectively). In these blank

SPMD samples, FTOH were detected in a range between
0.005 and 0.02pg, probably due to cross-comtammation
during rotary evaporation. Compared to the overall amount
of FTOH, contamination was msignificant, and results were
not blank corrected.

3.2 FTOH migration out of SPMD into air

Alr temperatures during the time of SPMD  deployment
were between 5°C and 22°C and always above the freezing
point of tnolem (—4°C). Considermg the volatility and
molecular structure of the fowr investigated FTOH, it is
expected that migration of those substances into air
decreases with mereasmg chain length. However, a depen-
dence of FTOH chain length was not observed. After
&4 days of deployment, the content of all FTOH m SPMD
diminished by approximately 20%. We assume first order
kinetics for migration of FTOH out of SPMD. It is also
possible that at the beginning of the expenment, release
was independent from the FTOH concentration and
followed zero order kinetics, and then twmed after some
time to first order kinetics. Slopes in Fig. 2 reveal the
highest declme of FTOH concentrations m SPMD for 6:2
FTOH. The decrease of 4:2 FTOH content in SPMD was
lowest. However, since 4:2 FTOH declme mvolved the
highest standard deviations, it has to be considered with
caution. Due to problems dunng GC-MS determination,
only one walue could be achieved for 64 days of
deployment, and therefore, average means and standard
deviations could not be calculated.

Release rates calculated for sampling intervals were
decreasing dunng deployment (Table 1). Because of the
high standard deviations of 4:2 FTOH, this compound was
exchided from release rate calculations. Since FTOH
amounts in SPMD after 32 days were elevated, the last
two periods (days 16-32 and days32-64) were combined
for determinations of release rates. For the first (days0-8)
and the third peniod (days 16-64), release rates were
decreasing with FTOH cham length. In the second penod
(days8-16), release was mcreasmg with FTOH chain
length.

3.3 FTOH migration out of SPMD into sobent

For dialysis extracts, different results were obtained for
mdividual FTOH (Table 2). After the first dialysis, 6.8%
(10:2 FTOH) to 20% (4:2 FTOH) of the spiked amounts
were observed. In extracts of the second dialysis, 4:2 FTOH
was not detectable. Of the remaining FTOH, between 1.5%
(10:2 FTOH]) and 3.0% (8:2 FTOH) were recovered. In the
final liquid-liquid extraction of the cut SPMD, between
9.9% (42 FTOH) and 63% (6:2 FTOH) were observed.
FTOH yields of the different extraction steps were highly
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Fig. 2 Dewease of Muorolzlomer aleohols content in semipemmeable membrane devices dunng field deplovment (n = 3; Initial mass: 25pg)

vanable, resulting in particularly high standard deviations.
Overall, between 54% (4:2 FTOH) and 70% (10:2 FTOH)
of the spiked FTOH ammmt was detected and quantified in
total.

3.4 FTOH migration into SPMD from air for high FTOH
levels

In GCE L (10,000pg FTOH, 3 SPMD), around 40% and
29% of spiked 6:2 FTOH and 8:2 FTOH, respectively, were
detected m SPMD (Table 3). Results for 4:2 FTOH and
10:2 FTOH were one to two orders of magnitude lower,

Table 1 Release rates (ng 47 of fluorotelomer aleohals in
semipermeible membrane devices during field deployment

Compound Davs(-8 Davs 816 Davs 1646
&2 FTOH 12.0 12 24

82 FTOH 8.0 418 1.5
10:2 FTOH 21 15.6 07

g Springer
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respectively. Remaining FTOH was assumed to adsorb to
the glass chamber, or, particularly for 10:2 FTOH, to have
not completely evaporated from the beaker.

In GCE IT (10,000pg FTOH, 4 SPMD, 0.7 mL pure
friokein, and rnse solvent), 1.2%, 3.3%, 14%, and 30% of
4:2 FTOH, 62 FTOH, E:2 FTOH. and 10:2 FTOH,
respectively, were detected n triolein exposed to FTOH
without PE tbing (Table 4). Of 4:2 FTOH, 6:2 FTOH, &:2

Table 2 Amount of fluomtelomer alcohols in semipemeable mem-
brane devices (percent of initial mass O.1pg) and reladive standard
deviations (parcent) afler dialysis (DE) and subsequent liquid-liquid
extraction (LLE; n = 1)

Compound DE 1 DE 2 LLE 3
4:2 FTOH 20(12) ND 10 {136)
2 FTOH L0 (60) 2 (95) 63 (507
8:2 FTOH 10 (74) 167 33 (52)
10:2 FTOH 7 (106) 2 (99) 55 (59)

ND not detectable
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Table 3 Amount of fluoratelomer aleohols (of initial mass 10,000pg)
detected in semipemmeable membrane devices analvsed completely in
glass chamber experiment [

Table 5 Amount of fluorotelomer alcohols (pecent of initial mass
0.2 pg) detected in Triolein exposed without tubing in glass chamber
experiment [T

Compound SPMD | SPMD» 2 SPMD» 3 E SPMD Compound Tro 1 Trio 2 Trio 3 E Tno Beaker
42 FTOH 3 2 2 7 4:2 FTOH 11 13 10 24 0.1
6:2 FTOH 16 12 13 41 6:2 FTOH 27 32 23 83 4.1
&2 FTOH 11 9 9 29 8:2 FTOH 21 22 16 59 13
10:2 FTOH 0.3 0.3 03 08 10:2 FTOH 1.9 1.7 Lo 4.6 21

FTOH, and 10:2 FTOH, respectively, 2.1%, 9.7%, 29%,
and 16% were found in the two SPMD completely
analysed. Total FTOH amounts in SPMI, of which tubings
and molein were analysed separately, were in the same
order of magnitude. A high amount of all individual FTOH,
mostly about 50%, was observed in the membrane fraction.
Since it was assured that at least 95-99% of the tnolein was
withdrawn dunng separation of trolem and tubing, we
assume that a great portion of FTOH was adsorbed at or
absorbed into the membrane. Long-chan FTOH, particu-
larly 10:2 FTOH, was also detected in the solvent, which
was used to nnse the outer side of the membrane. This may
point at condensation of the less volatile long-chain FTOH
or their hindered ditfusion through the PE membrane.

3.5 FTOH migration into SPMD from air for low FTOH
levels

In GCE III {0.2pg FTOH, three beakers with 0.7 ml
minlein), total amounts of 34%, 83%, 59%, and 4.5% of 4:2
FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, respective-
Iy, were determined (Table 5). Of 4:2 FTOH, 6:2 FTOH,
82 FTOH, and 10:2 FTOH, respectively, 0.1%, 8.1, 27%,
and 4.1% were still present in the beaker.

In GCE IV (0.1pg FTOH, 3 SPMD), total amounts of
28%, 6.5%. 6.4%, and 1.6% of 4:2 FTOH. &:2 FTOH, 8:2
FTOH, and 10:2 FTOH, respectively, were observed in
SPMD (Table 6). Of 8:2 FTOH, 4.1% was still present in
the beaker. Of 6:2 FTOH, §:2 FTOH, and 10:2 FTOH,

Table 4 Amount of fluorotelomer alcohols (pecent of initial mass
10,000 pg) detected in completely analvsed semipermesble membrane
devices (SPMD 1 and 2), sepamtely analysed membranes, tiolein, and

respectively, 4.0%, 19%, and 5.4% were determined at the
mner side of the glass chamber.

4 Discussion

In GCE, FTOH expressed different accumulation patterns
m SPMD. For low FTOH levels (GCE IV), only 4:2 FTOH
was found at a higher amount (28%) in SPMD after 15 days
of exposiion. FTOH with longer fluornated alkyl chains
were only detected m minor quantity (1.6-6.6%). A strong
merease of 6:2 FTOH and 8:2 FTOH uptake was observed
m expenments where pure molein was mvolved (GCE T},
Detected amounts were even higher than for 4:2 FTOH,
which might be due to lower vapour pressures of long-
chain FTOH resulting in a lower revolatilisation from
minlein. For 10:2 FTOH, low accumulation in triolein was
always observed, maybe because it is the most oleophobic
compound of the mvestigated FTOH. Enrichment of
FTOH in pure triolein 15 dependent on their partition
coefficient between air and triolein (Kra). However, until
today, only octanol air partition coefficients (Koa; Lei et
al. 2004; Goss et al. 2006; Thuens et al. 2008) were
determined for FTOH. Kypa are not availlable. For non-
fluoninated organic compomumnds, Kt can be easily denved
from Kpa (Huckins et al. 2006). However, the unigue
physical chemical properties of fluorinated compounds
may hamper this estimate procedure.

In general, SPMD used as passive air samplers accumu-
late only non-charged gas-phase molecules with a molec-

wash solvent of semipermeable membrane devices (Trio Y and 4, Mem
3and 4, and Rinse 3 and 4), and pure triolein exposed without tubing
{Tric) in glass chamber expenment 11

Compound Trio SPMD | SPMD 2 Rinse 3 Rinse 4 Tno 3 Trio 4 Mem 3 Mem 4 I SPMD
4:2 FTOH 1.2 1.1 1.0 NI ND 0.3 04 L6 0.3 15
62 FTOH 33 4.7 5.0 ND ND 1.7 1.7 30 1.2 17
82 FTOH 14 14 15 0.0 001 4.6 4.6 8.0 33 48
10:2 FTOH 0 1.9 B 0.1 0.1 14 14 14 27 27
ND not detectable
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Table & Amount of fluoro-

bdouier slochiols (peroet of Compound SPMD | SPMD 2 SPMD 3 T SPMD Beaker Chamber
imitial mass 0.1 pg) detected in
semipermeabls membrane devices 4.2 FTOH 71 12 Q.6 28 ND ND
in glass chamber experiment TV &2 FTOH L& in 2.0 b MDD 4.0
82 FTOH 1.7 27 2.1 6.5 4.1 192
10:2 FTOH 02 05 08 L6 ND 5.4

ND not detectable

ular mass less than approximately 600 and a octanol water
partition coefficient log Kow=3 (Petty et al. 2000).
Molecular masses of analysed FTOH are i the range
between 264 and 564 amu, and estimated log Kow are
between 3.3 and 7.6 (Arp et al. 2006; Carmosini and Lee
2008). Considening the above-mentioned physicochemical
constants, SPMD should be suitable for FTOH sampling in
air. However, FTOH partitioning to SPMD seems to he
hampered as observed dunng the conducted experiments.
FTOH uptake might depend on different molecular struc-
ture as well as on oleophobicity of the fluonnated allkyl
chain, which increases with chain length. Due to the
differences between uptake i pure molein and in SPMD,
we suppose that enrichment, especially of long—chain
FTOH, 15 limited by the PE membrane acting as a control
barrier, which hampers the system reaching its equilibnium.
Thus, in addition to ar and triolein, the membrane has to be
considered as a third component, when partitioning coef-
ficients between SPMDitriolem and amr are determined
expenmentally or are denved from other physical chemical
properties.

At high FTOH levels (GCE T and GCE 1), detected 4:2
FTOH concentrations n SPMD were lower than those of
6:2 FTOH and 82 FTOH, and for GCE 11, even lower than
10:2 FTOH. Thus, migration through the membrane and
accumulation of long-chain FTOH was improved at higher
concentrations. A reason for this observation might be that
FTOH are arranged as micelles, or FTOH adsorbed to the
surface of membrane cavities facilitate transport of other
FTOH molecules. In GCE 11, it was observed that four
SPMD accumulated more FTOH than 0.7 mL of pure
triolein, probably due to a higher surface-area to volame
ratio of SPMD compared to pure trnolem. Thus, at high
FTOH concentrations, uptake seems to be less membrane-
controlled, and partitioning between air and triolein
becomes more Important.

Above-mentioned results were confirmed by expen-
ments investigating FTOH migration out of SPMD, as
well. Dunng the entire field deployment, 4:2 FTOH
concentrations m SPMD  decreased the least, and 10:2
FTOH concentrations decreased the second most. However,
due to its high standard deviations, 4:2 FTOH release has to
be considered with caution. For the perniods between
sampling, release rates were mostly decreasing with FTOH
chain length. Due to applied high FTOH concentrations,
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FTOH release was less membrane-controlled but more
dependent on the compounds volatility and partitioning
between air and friolein.

In the presence of organic solvents, migration of FTOH
out of SPMD spiked at low FTOH levels scemed to be
membrane-controlled, as well. Dialysis extraction of SPMD
resulted in highest FTOH vields for short-chain FTOH,
whereas 10:2 FTOH was only efficiently extracted when
the membrane was cut and FTOH could directly move from
friolein to the extraction solvent. We were not able to
explain the incomplete recovery of FTOH in this expen-
ment. We assume that difference in polarty of the used
solvent mixtures i this expermment was of mmor mpor-
tance. The application of less polar acetone/MTBE should
have facilitated the extraction of long-chain FTOH in
contrast to acectonitrile/hexane. The latter should have
enhanced extraction of the short-cham FTOH. However,
these effects were not observed. For the first dialysis
extraction with acetoneg™MTBE, highest FTOH yields were
obtained for the relatively polar short-chain FTOH. FTOH
yields of the second dialysis were quite low and therefore
less mportant. Also, the results for the final hguid-liguid
extraction with acetomifrile/hexane revealed no influence of
solvent polarity. However, extraction efficiency was highly
dependent on the presence of the PE membrane.

Results of conducted experiments reveal that passage
through the membrane was influenced by the applied
FTOH amount. If FTOH ennchment in SPMD really
depended on air concentration, this fact has to be
considered for sampler calibration, e, the determmation
of sampling rates, as well. For field sampling, use of suited
performance reference compounds is absolutely essential.

When SPMD are deployed in the field, uptake of FTOH
might additionally be influenced by particles adsorbed to
the outer side of the membrane. Remembering low amounts
of FTOH percentage were detected after 15 days m SPMD
(GCE IV), one should keep in mind that usually, sampling
duration of these kind of passive samplers s up to | year or
partly longer.

Given the obtained results and methodology, we do not
recommend the use of SPMD as FTOH passive samplers.
They might probably be applied at highly contaminated
sites, but the incidence of such concentrations is rather
unlikely. In remote areas, we suggest that XAD-
mpregnated PUF disks (Shoeib et al. 2008) are the better
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choice, because here, analyvte accumulation only depends
on adsorption capacity, and partitioning and is not
additionally hampered by a membrane acting as a control
barrier.

5 Conclusions

Generally, FTOH are able to migrate through PE mem-
branes of SPMD. Accumulation is influenced by FTOH air
concentration and the length of the fluonnated alkyl chan.
At low FTOH concentrations, ennchment seems to be
sufficient for 4:2 FTOH only. Uptake seems to be strongly
mfluenced by the SPMD membrane. At high FTOH
concentrations, enrichment of long-chain FTOH is im-
proved, particularly for 6:2 FTOH and 8:2 FTOH. Further
mvestigations on the SPMD suitability for FTOH air
sampling should be performed with accompanying deter-
mination of the actual air concentrations in order to
calculate sampling rates and partitioning coefficients. For
this purpose, a different experimental set-up will be
necessary. In addition, membranes of different matenals
should be investigated for ther suitability to accumulate
FTOH in tnolemn. At the moment, we recommend the use of
SPMD only at highly contammated sites as passive air
samplers for FTOH, but not at environmentally relevant
concentrations.
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Abstract

Several household consumer products were analysed for their content of perfluorooctanoate (PFOA),
perfluorooctane sulfonate (PFOS), and fluorotelomer alcohols (FTOH) by liquid chromatography
mass spectrometry and gas chromatography mass spectrometry. Among the investigated products,
which are applied as sprays, were impregnating agents, cleaning agents, lubricants, and conditioners.
Of 26 products analysed, at least one polyfluorinated compound (PFC) was detected in 14 samples.
8:2 FTOH was the dominating compound with concentrations up to 149 pg mL"'. The maximum
concentration of PFOA was 14.5 ug mL’', whereas PFOS was not detected in any sample.
Investigated PFC were mostly found in impregnating agents and lubricants, but were not detected in
cleaning agents and conditioners. FTOH containing impregnating agents revealed similar ratios
between 6:2 FTOH, 8:2 FTOH, and 10:2. FTOH ratios of PFC containing lubricants were similar as
well. Human exposure to PFC originating from consumer product aerosols was calculated for three
scenarios. Total PFC exposure was found to be between 42.8 and 463.7 ng kg™ d”'.

Keywords: perfluorooctanoate, perfluorooctane sulfonate, fluorotelomer alcohols, exposure

1. Introduction

Poly- and perfluorinated compounds (PFC), such as fluorotelomer alcohols (FTOH), perfluorinated
carboxylates (PFCA) and perfluorinated sulfonates (PFSA), have unique physicochemical properties
and are therefore used for many commercial and industrial applications like water and stain repellents,
coatings, emulsifier or as polymerisation aid (Hekster et al. 2003; Kissa 2001; Schultz et al. 2003).
Due to this manifold application, their bioaccumulation and their persistence, some PFC have been
found frequently in blood samples of the general population (Calafat et al 2006; Jones et al. 2003;
Kannan et al. 2004). Perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS), which were
the most important PFC in the past, are supposed to induce adverse health effect, especially
carcinogenicity and disruption of intercellular communication, and metabolism of fatty acids (Biegel
et al. 2001; Kudo et al. 2005; Upham et al. 1998). In consequence, major producers phased out
production of long-chained PFCA and PFSA (Prevedouros et al. 2006) and the European Community
and US-EPA restricted use of PFSA (European Union 2006; EPA 2002).

FTOH were found to degrade to PFCA by atmospheric and metabolic oxidation processes and are
thus being seen as precursor substances of PFCA (Dinglasan 2004; Ellis et. al 2004; Martin et al.
2005). However, FTOH are still in production. Due to their volatility and atmospheric half life times
(Ellis et al. 2003; Goss et al. 2006; Thuens et al. 2008), FTOH were detected worldwide in the
atmosphere of urban and remote regions (Jahnke et al. 2007; Martin et al. 2002; Shoeib et al. 2006;
Stock et al. 2004). Thus, FTOH contribute to the environmental distribution of PFCA and human
exposure to these compounds. Studies investigating PFC concentrations in urban areas focussed on
their presence in food (Begley et al. 2005; Fromme et al. 2007), drinking water (Lange et al. 2007;
Skutlarek et al. 2006),

ambient air (Shoeib et al. 2004; Barber et. al. 2007), and house dust (Shoeib et al. 2005; Strynar et al.
2008). There is one study investigating consumer articles (Washburn et al. 2005), but only PFOA was
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considered. Trudel et al. (2008) developed a model to calculate human exposure to PFOA and PFOS
for oral and inhalative incorporation pathways. Precursor derived doses of PFOA were estimated to be
9-11% originating from impregnation sprays (Vestergren et al. 2008). However, due to the phase out
of the production of PFOA and PFOS, the importance of possible surrogates and PFCA precursors
like FTOH may increase in the future.

To extend the knowledge about the human exposure to PFC originating from consumer products, we
investigated the content of PFOA, PFOS, and FTOH in impregnating agents for shoes and textiles,
lubricants, cleaning agents, wood and leather conditioners, and some other products used in
households. These items are usually stored and applied in the direct surroundings of adults and
children. In particular the use of sprays, which generate easily breathable aerosols, can be an
important exposure pathway for humans. Treated articles like carpets, shoes, furniture, and clothes
may act as PFC source in households for a long time.

2. Material and methods

2.1 Chemicals

Perfluorobutyl ethanol (4:2 FTOH), perfluorohexyl ethanol (6:2 FTOH), perfluorooctyl ethanol (8:2
FTOH), perfluorodecyl ethanol (10:2 FTOH) (97 % purity in each case), PFOA (99 %), and
perfluoromethylnonyl ethanol (9:2 FA, 98 %) were purchased from Fluorochem Limited, Old
Glossop, UK. PFOS (tetraethyl ammonium salt, 98 %) was obtained from Sigma Aldrich,
Taufkirchen, Germany. *C,°H, labelled 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, and "C,
labelled PFOA and PFOS ([M+4], 98 % in each case) were purchased from Wellington Laboratories
Guelph, Ontario, Canada. Methanol (LC-MS grade) was obtained from LGC Standards, Wesel,
Gemany. Ethylacetate (pestanal) was purchased from Riedel-de-Haen, Seelze, Germany.

2.2 Investigated products

Ten impregnating agents, obtained from nine different companies, six cleaning agents, four
lubricants/corrosion prevention agents, three conditioners for wood and leather, one fire fighting
foam, and one pesticide formulation were analysed. All investigated agents are produced for private
households and are applied as sprays. With exception of the pesticide formulation all products are
used in a pure, non-diluted form. All products, except for one impregnating agent which was
purchased in Brazil, were obtained in Germany. Eight of the products were labelled as “PTFE”,
“fluorocarbon resin”, or “fluoro additive” containing agent.

2.3 Analysis

Consumer products to be analysed were diluted in methanol 1:100 by volume. Then, 250 pL of the
dilution, 250 pL of subboiled water, 20 uL of a solution containing masslabelled 6:2 FTOH, 8:2
FTOH, 10:2 FTOH, PFOA, and PFOS (1 ng puL™), and 20 uL of the injection standard 9:2 FA (1 ng
pL'l) were added into a LC glass vial. 6:2 FTOH, 8:2 FTOH, 10:2 FTOH, PFOA, and PFOS were
determined by nanoflow Aquity UPLC (Waters, Milford, USA) coupled to a Q-TOF2 mass
spectrometer (micromass, Manchester, UK) using negative electrospray ionisation. The injection
volume was 1 uL. Analytes were trapped on a Symmetrie C18 column (Spm, 180um * 20mm) and
separated on a BEH130 C-18 column (17pum, 75um * 150mm, both Waters, Milford, USA) with a 2
mM ammonium acetate (LC-MS grade, Fluka, Buchs, Switzerland) mobile phase composed of water
and methanol. The solvent gradient started with 15 % methanol and increased to 100 % methanol
after 8 min. After 25 min, it returned to initial conditions. The flow continued for another ten minutes.
The flow rate was 0.3 ul min™" at a column temperature of 30 °C. Electrospray capillary voltage was
1800 kV and MS cone voltage was set to 17 V. Mass to charge ratios of PFC determined by TOF MS
are presented in Table 1. FTOH were detected as acetate adducts [M+59]".

Table 1: Mass to charge ratio of PFC target ions determined by UPLC-TOF MS

Since 4:2 FTOH could not be determined by LC-MS, GC-MS operating with positive chemical
ionisation was applied to detect this compound. Measurements were performed in selected ion
monitoring mode using an HP 5890 Series II gas chromatograph (Agilent Technologies, Waldbronn,
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Germany), coupled to a Finnegan Mat SSQ 7000 mass selective detector (Thermo Scientific,
Dreieich, Germany). The GC was equipped with a 60 m VMS column (0.25 mm inner diameter, 1.4
um film thickness; Restek, Bad Homburg, Germany). Helium (5.0, Linde, Hollriegelskreuth,
Germany) was used as carrier gas with a constant column head pressure of 175 kPa. Injections were
performed in splitless mode at 220 °C with an injection volume of 1 uL. The oven temperature was
held at 50 °C for 2 min, then elevated to 80 °C at 10 °C min™', to 110 °C at 5 °C min"' and held for 3
min, and finally elevated to 220 °C at 15 °C min™ and held for 15 min. The transfer line was set to
300 °C.

Ionisations in the mass selective detector were performed at 70 eV and a source temperature of 150
°C. Methane (4.5, Linde, Hollriegelskreuth, Germany) was used as reagent gas.

2.4 Calculation of consumer exposure

Daily uptake dose of PFC (Dgpray _inhai; (g kng’l day'l)) was calculated using a model (equation 1)
developed by Trudel. et al. (2008). In this study, among others uptake of PFOA by inhalation of spray
droplets generated by application of consumer products was estimated for a conservative high
exposure scenario. To assure comparability, all parameters except of market fraction were adopted
from Trudel et al. (2008)

_ Cspmy ’ MFspmy ’ fexp ’ tspray ’ rspmy ’ Fresp ’ ‘/inh tspray?NF tspray?FF 1
spray _inhal — ’ % + % " Luptake ( )
mBW NF FF

with

Cspray: cOncentration of PFC in impregnation sprays (ng g
MF,.,,: market fraction of consumer products containing PFC (1)
Jexp: frequency exposed to consumer products (0.0120548 day™)
fspray: time spent spraying (30 min)

T'spray- Tate of spray emission (42 g min™)

Fesp: fraction of respirable aerosols generated (0.002589)

Vinn: inhalation rate (1.6 m’ hour’l)

Lspray_NF: time exposed to aerosols in the near field (1 hour)

VxE: near-field volume around consumer (1 m3)

tspray_pr: time exposed to aerosols in the far field (4 hour)

Vir: far-field volume around consumer (49 m3)

My, body weight ( 60.4 kg),

Fpae: uptake fraction of PFC via the lungs (1)

Daily human PFC exposure was calculated for three different scenarios. In scenario I, the average
PFC concentration of the consumer products was used for exposure calculations and the market
fraction of consumer products was calculated by dividing the number of detections of one PFC in
consumer products by the number of investigated consumer products. PFC exposure calculation in
scenario II was similar to Trudel et al. (2008). Average PFC concentrations were used and the market
fraction of PFC containing consumer products was set to 0.5. Scenario III represents a worst case
situation, assuming that consumers are only using the product with the highest PFC concentration.
Thus, the maximum value for PFC concentration was used for exposure calculation and the market
fraction was set to 1. More information about uptake calculation and exposure scenarios are given in
Trudel et al. (2008).

2.5 Quality assurance

To prevent cross contamination during analysis, blank samples were measured after each consumer
product. FTOH were not detected in blank samples. PFOA and PFOS were detected frequently in
blank

samples at levels near to the MDL. They were subtracted from PFOA and PFOS concentrations in
consumer products. MilliQ water used for dilution of consumer products and for LC gradient elution
was further purified by a quartz subboiling system (Maassen, Reutlingen, Germany). Deactivated
glass vials were used for LC determinations to prevent analyte sorption to glass surface. Stable
isotope labelled standards spiked to consumer products were used for identification and quantification
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of analytes and to correct inaccuracies and matrix effects during measurement. Four PFC containing
consumer products were injected three times each. Obtained PFC concentrations were in a range of
5%. Thus, all the rest of consumer products were injected only once. However, every LC-MS
detection of 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH was confirmed by a GC-MS determination, which
deviated in a range of 15%. Methodical limits of detection of the LC-MS system were 0.04 ug mL"
for PEOA and PFOS and 0.08 ug mL™" for FTOH, respectively, based on a signal to noise ratio of 3/1.
Instrumental limits of detection of the LC-MS system were 0.2 pg uL"' for PEOA and PFOS and 0.4
pg uL™" for FTOH. Methodical limit of quantification was 0.1 ug mL™' for PFOA and PFOS and 0.3
ug mL" for FTOH, respectively, based on a signal to noise ratio of 10/1. For 4:2 FTOH, the
methodical limit of quantification was 0.3 ug mL™" and methodical limit of detection was 0.1 pg mL™".
The instrumental limit of detection of the GC-MS was 2 pg uL".

3. Results and discussion

In 14 of 26 products analysed at least one PFC was detected. Most of these products belong to the
groups of impregnating agents and lubricants.

In impregnating agents 8:2 FTOH and 10:2 FTOH were found to be the dominant PFC. They were
present in all but two samples showing concentrations up to 61 and 32 ug mL™, respectively (table 2).
4:2 FTOH, 6:2 FTOH, and PFOA were only detected in small amounts in some impregnating agents.

Table 2: PFC content (ug mL™") of impregnating agents (IA) and conditioners (CO). (nd: not
detectable; nq: not quantifiable)

PFC were detected in two of four lubricants, as well. The PFC burden of these samples was higher
than those of the remaining products. Similar to impregnating agents, the PFC content of lubricants
was dominated by FTOH. Highest concentrations of 6:2 FTOH (148 ug mL™), 8:2 FTOH (149 ug
mL™), and 10:2 FTOH (99 ug mL") were determined in sample LU2, which was also the sample
containing most of PFC in this study (table 3). 4:2 FTOH and PFOA were not detected in any of the
lubricants.

PFOA was detected at 7.3 ug mL" in the fire fighting foam and at 14.5 ug mL™" in the pesticide
solution, which were the highest concentrations found for PFOA. Cleaning agents and conditioners
did not appear to contain any of the investigated PFC. PFOS was not detectable in any of the
consumer products. This could be due to phase out of PFOS production in 2001.

Table 3: PFC content (ug mL™) of lubricants (LU), fire fighting foam (FF), pesticide solution (PE),
and cleaning agents (CA). (nd: not detectable).

Figure 1 demonstrates the proportions of PFC in the 14 PFC containing consumer products. In most
cases FTOH were the dominant class of PFC. Only in four products, concentration of PFOA exceeded
those of FTOH. Among the FTOH, 8:2 FTOH showed always highest concentrations. Only in the two
lubricants containing FTOH, concentrations of 6:2 FTOH were almost as high as those of 8:2 FTOH.
These results are consistent with the fact, that worldwide, 8:2 FTOH mostly is the dominant FTOH
found in the atmosphere (Jahnke et al 2007; Shoeib et al. 2006; Barber et al 2007; Dreyer et al. 2009;
Oono et al. 2008) and in housedust (Strynar et al. 2008). Only at a few places concentrations of 6:2
FTOH exceeded or were equal to concentrations of 8:2 FTOH (Martin et al. 2002; Stock et al 2004).

Figure 1: Proportions (%) of PFC in impregnating agents (IA), conditioners (CO), lubricants (LU),
fire fighting foams (FF), and pesticide solution (PE).

In FTOH containing impregnating agents, an average ratio between 8:2 FTOH amount and 10:2
FTOH amount of 1.7 £ 0.13 (n=7) was found. IA10, which was obtained in Brazil, obviously had a
different FTOH composition than impregnating agents purchased in Germany. Therefore IA10 was
not considered for the calculation of FTOH ratios. The average ratio between 8:2 FTOH amount and
6:2 FTOH amount in impregnating agents was 80.9 + 93.1 (n=5).

FTOH containing lubricants (LU1, 2) showed a ratio between 8:2 FTOH and 10:2 FTOH of 1.24 and
1.52, respectively, and a ratio between 6:2 FTOH and 8:2 FTOH of 1.05 and 1.01, respectively.
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Because there were only two FTOH containing lubricants, differences in composition between
impregnating agents and lubricants were not tested for significance. However, there is a considerable
difference in FTOH composition in those two product groups, since relative amounts of FTOH in
lubricants were beyond the standard deviations ranges of FTOH amounts in impregnating agents.
Also FTOH ratios of IA10 were outside of these standard deviation ranges. Thus, above calculated
FTOH proportions possibly could be used as a fingerprint for FTOH containing impregnating agents
from Europe. However, FTOH ratios found in the atmosphere (Jahnke et al. 2007; Martin et al. 2002;
Shoeib et al. 2006; Stock et al. 2004; Dreyer et al. 2009; Oono et al. 2008) at diverse locations were
obviously dissimilar to those of lubricants or impregnating agents (table 4) A reason for this might be
that FTOH composition of the atmosphere is affected by many different sources and applications of
FTOH. Only Piekarz et al. (2007) found a ratio between 8:2 FTOH and 10:2 FTOH of 2 in Orgeon,
USA, being close to the value of 1.7 determined for impregnating agents.

Table 4: Ratios between atmospheric concentrations of 6:2 FTOH and 8:2 FTOH and 10:2 FTOH and
8:2 FTOH, respectively.

Washburn et al. (2005) found PFOA concentration ranges up to 50 ppm in impregnating sprays.
Unfortunately FTOH were not analysed in this study. In our study, PFOA concentrations in
impregnating agents with a maximum of 3.6 mg L' were one order of magnitude below. Highest
PFOA contents in impregnating agents were found in sprays that did not contain any FTOH (IAS,
IA9). In those sprays PFOA amounts were beyond the standard deviation range of PFOA
concentrations in the FTOH containing impregnating agents (IA1-IA7).

In seven of eight products labelled as “PFC containing”, one or more of the investigated PFC were
detectable. Probably other PFC, which were not analysed, are used in consumer products as well. This
might be the reason that in one product labelled as “PFC containing”, none of the investigated PFC
was detected.

Calculated human exposure to PFC differed for the three scenarios (Table 5). Total daily PFC
exposure was found to be between 42.8 ng kg™ d”' for scenario I and 463.7 ng kg™ d”' for scenario III.

Table 5: Calculated human exposure (ng kg™ d™') to PFC in consumer products.

Given these scenarios, exposure is dominated by 8:2 FTOH with proportions between 37% (scenario
IIT) and 47% (scenario I). Proportions of PFOA were between 2% (scenario III) and 3% (scenario I).
Human exposure to PFOA from spray droplets was one order of magnitude lower than values
calculated by Trudel et al. (2008) due to lower PFOA concentrations in consumer products.
Calculated exposure to 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH was one order of magnitude higher
than PFOA exposure in scenarios I, II, and III. However, in addition to the exposure by spray droplets
as accounted for in the three scenarios, there is an exposure to gaseous FTOH as well, which was not
considered in this exposure model. Since incorporated FTOH are metabolised to PFCA in the human
body (Martin et al. 2005) an ongoing accumulation of PFCA can be anticipated despite phase out of
production of long-chain PFCA and PFSA.

Although most of the consumer products were purchased in Germany, some companies are also
selling these items in other European countries. Therefore, calculated daily intakes are also important
to people in many other countries.

In conclusion, we hypothesize that sprays containing polyfluorinated precursor substances can be
source of persistent perfluorinated compounds for people using those sprays affecting also the
environmental distribution of those chemicals.
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Table 1: Mass to charge ratio of PFC target ions determined by UPLC-TOF MS

Analyte UPLC-MS UPLC-MS
target ion retention time
(m/z) (min)
6:2 FTOH 422.7 15.63
8:2 FTOH 522.6 16.27
10:2 FTOH 622.6 16.88
PFOA 412.8 14.21
PFOS 498.7 14.71
ML6:2 FTOH 426.8 15,63
MLS8:2 FTOH 526.8 16,27
ML10:2 FTOH 626.7 16,88
MLPFOA 416.8 14.21
MLPFOS 502.8 14.71
9:2 FA 572.6 16.77

Table 2: PFC content (ug mL™") of impregnating agents (IA), conditioners (CO), lubricants (LU), fire
fighting foam (FF), pesticide solution (PE), and cleaning agents (CA). (nd: not detectable; nq: not
quantifiable)

52 B5 ES B% <8 45 of
T =2 BT BT ET SF ¢F £
e Q2 I a2 A A E ~ g W g
& < = & = ® = S < = = =
-9
1A1 nq 1.2 60.9 32.0 04 nd 94.5
T1A2 0.3 nd 2.9 1.7 0.1 nd 5.0
T1A3 nq 2.1 51.8 32.1 0.2 nd 86.2
1A4 nq 1.3 42.9 23.0 0.2 nd 67.4
TIAS nd 0.6 29.6 16.6 0.4 nd 47.2
T1A6 nd nd 0.5 0.3 nd nd 0.8
1A7 nd nd 33.1 20.4 nd nd 53.5
TAS8 nd nd nd nd 0.9 nd 0.9
T1A9 nd nd nd nd 3.6 nd 3.6
COl1 nd nd nd nd nd nd nd
CcO2 nd nd nd nd nd nd nd
CO3 nd nd nd nd nd nd nd
CcO4 nd nd nd nd nd nd nd
LU1 nd 72.4 75.8 61.1 nd nd 209.3
LU2 nd 148.0 149.4 98.5 nd nd 395.8
LU3 nd nd nd nd nd nd nd
LU4 nd nd nd nd nd nd nd
FF nd nd nd nd 7.3 nd 7.3
PE nd nd nd nd 14.5 nd 14.5
CAl nd nd nd nd nd nd nd
CA2 nd nd nd nd nd nd nd
CA3 nd nd nd nd nd nd nd
CA4 nd nd nd nd nd nd nd
CAS nd nd nd nd nd nd nd
CA6 nd nd nd nd nd nd nd
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Table 3: Concentration ratios between 6:2 FTOH and 8:2 FTOH and 10:2 FTOH and 8:2 FTOH in

consumer products and air.

Site Medium c(6:2FTOH) ¢(10:2FTOH) Reference
c(8:2FTOH) c¢(8:2FTOH)
Germany impregnating 0.02 0.58 this study
agents
Germany lubricants 0.98 0.74 this study
Canada,Toronto air 1.58 0.53 (Martin et al., 2002)
Canada, Long air 0.91 0.53 (Martin et al., 2002)
Point
Canada, Toronto air 0.44 0.52 (Shoeib et al., 2006)
Artic air 0.24 0.55 (Shoeib et al., 2006)
Germany, air 0.55 0.29 (Jahnke et al., 2007b)
Hamburg
Germany, air 0.85 0.31 (Jahnke et al., 2007b)
Waldhof
Germany, air 0.3 0.27 (Dreyer and Ebinghaus,
Hamburg 2009)
Germany, air 0.25 0.25 (Dreyer and Ebinghaus,
Hamburg 2009)
Germany, air 0.57 0.47 (Dreyer and Ebinghaus,
Hamburg 2009)
Germany, air 0.46 0.27 (Dreyer and Ebinghaus,
Geesthacht 2009)
Germany, air 0.34 0.29 (Dreyer and Ebinghaus,
Geesthacht 2009)
Germany, air 0.47 0.43 (Dreyer and Ebinghaus,
Geesthacht 2009)
Germany, air 0.41 0.35 (Dreyer and Ebinghaus,
Geesthacht 2009)
Germany, air 0.56 0.33 (Dreyer and Ebinghaus,
Geesthacht 2009)
Japan, air 0.03 0.11 (Oono et al., 2008)
Higashiyodogawa
Japan, air 0.05 0.12 (Oono et al., 2008)
Horinomiya
Japan,Sakyo air 0.03 0.12 (Oono et al., 2008)

Table 4: Human exposure (ng kg d') to PFC in consumer products calculated for three different

scenarios

Compound Scenario I Scenario 11 Scenario II1
4:2 FTOH <0.1 0.2 0.3

6:2 FTOH 10.1 18.6 170

8:2 FTOH 20.1 26.4 172
10:2 FTOH 114 15.0 113
PFOA 1.2 1.8 8.4

Y PFC 42.8 62.0 464
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Figure 1: Contribution (%) of individual PFC analysed in impregnating agents (IA), conditioners
(CO), lubricants (L.U), fire fighting foams (FF), and pesticide solution (PE)
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ABSTRACT

Fluorotelomer alcohols (FTOH) and -acrylates, as well as perfluorinated sulfonamids and
sulfonamido ethanols are volatile precursors of persistent perfluorinated acids. So far, the published
air sampling strategies and analytical methods for these compounds differ considerably. In this study,
a laboratory (analytical) and field intercomparison comprising four international research groups was
established to assess performance. Analytical consistency between laboratories was assessed through
independent analyses of standard solutions. Variability in different sampling strategies was assessed
for active (high volume sampler) versus passive samplers consisting of either semi permeable
membrane devices (SPMD) or sorbent impregnated polyurethane (SIP) disks. Analytical consistency
between the four laboratories varied depending on the compound class. Standard deviations for
determined PFC were within 16 to 62 % of consensus (average) values. Results from passive samplers
were typically within an order of magnitude of air concentrations from continuous high volume
samples, averaged for the 2-month deployment intervals of the passive samplers. Smallest deviations
(passive vs active) were observed for the SIP disk samplers with best agreement for the FTOH, where
average agreement was within a factor of about 3. The study reveals that further work is required to
calibrate and test passive samplers and to improve analytical methods and comparability among
laboratories.

KEYWORDS

PFC, fluorotelomer alcohols, perfluoroalkyl sulfonamids, perfluoroalkylsulfonamido ethanols,
fluorotelomer acrylates, intercomparison, air sampling

INTRODUCTION

Persistent, toxic, and partly bioaccumulative polyfluorinated compounds (PFC) such as perfluoroalkyl
sulfonate (PFSA) and perfluoroalkyl carboxylates (PFCA) (/,2) have been detected globally in
humans (3,4), biota (5,6), rivers and oceans (7,8), polar ice caps (9), precipitation (10,11), and
airborne particles (/2-14). Atmospheric transport and degradation of volatile and semi-volatile PFCA
and PFSA precursors, e.g. fluorotelomer alcohols (FTOH) and acrylates (FTA) or perfluoroalkyl
sulfonamids (FASA) and sulfonamido ethanols (FASE) is considered as an important transport and
contamination mechanism to the environment. Precursors were determined in several indoor and
outdoor air studies in North America, Europe, Asia, and the Atlantic Ocean (/3-21), however,
sampling strategies and analytical methods differed considerably which brings to question the
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consistency among these data sets. Worldwide interlaboratory studies have already been performed
for several PFCA and PFSA in

water, fish tissue, and human blood samples and follow-up surveys revealed significant improvements
in the analysis of perfluorinated compounds in these media (22-25). To our knowledge,
interlaboratory studies regarding the analysis of airborne PFC and different air sampling techniques
have not been conducted so far. Therefore, the first field intercomparison on the determination of
volatile and semi-volatile PFC in air applying active and different passive sampling techniques was
organized and coordinated by the GKSS Research Centre, Geesthacht, Germany from April 2007 to
March 2008. The objectives of this study were to elucidate the agreement between the different
sampling approaches as well as the analytical consistency between the participating research groups
for several volatile PFC.

EXPERIMENTAL SECTION

Experimental Design

From April 2007 to March 2008 air samples were taken at the German monitoring site Barsbiittel,
situated approximately 20 km east of Hamburg (1 770 000 inhabitants) at 53.5706 N and 10.2153 E.
Passive air sampling (PAS) was conducted using sorbent-impregnated polyurethane foam (SIP) disks
(lab A, lab C) (21) and semi permeable membrane devices (SPMD, lab B) (/9). SPMD and SIP were
deployed for periods of two months. For each period, duplicate samplers were deployed for SIP and
six replicates for SPMD. Active air sampling was performed by lab D using a high volume air
sampler (/4). Generally, samples were taken continuously for three (Monday to Thursday) and four
(Thursday to Monday) days at flow rates of about 500 m3 d'. Exceptions were periods when the sites
were not accessible and sampling times had to be extended. The sampling schedule is outlined in
chart S1. PAS mean air concentrations derived by the different sampling approaches were compared
and evaluated over the same sampling intervals. Furthermore, two standard solutions containing a
cocktail of volatile and semi-volatile target compounds of unknown concentrations were circulated to
further elaborate on the analytical consistency between groups.

Sampling housing and sampling media were sent by the participants to GKSS. Installation, operation,
and maintenance of the instruments as well as sampling were conducted by GKSS according to the
participants’ guidelines. Infrastructure of the sampling site including the observation of
meteorological parameters was provided by the Environmental Agency (Staatliches Umweltamt
Itzehoe). All samples were shipped refrigerated to the participants within four months after the
sampling, either by air (international shipping) or by priority mail (national shipping). Standards
solutions for the elaboration of the analytical consistency were prepared by GKSS. Standard solution
and samples were stored at -20 °C at GKSS and were sent refrigerated in CERTAN® capillary vials
(Promochem, Germany) to minimize evaporation. Chemical analyses of standard solutions and
samples occurred in the participants laboratories according to their protocols.

Analytical Methods

Sorbent impregnated passive samples

Passive sampling with SIP disks was performed by lab A and C. Details on the preparation of SIPs are
given by Shoeib et al. *”. After sampling, samples were kept frozen (-20 °C) and in darkness.
However, samples shipped to lab A were not frozen anymore upon arrival. Extraction procedures
differed between the laboratories. Lab A applied a procedure described elsewhere “”. Briefly, SIPs
were soxhlet-extracted for 18 hours using petroleum ether:acetone (1:1). After extraction and rotary
evaporation, samples were centrifuged to separate the extract from the fine XAD powder. A clean-up
was performed using ENVI-Carb as sorbent and hexane:DCM (4:1, v:v) for elution. Analytes were
separated by gas chromatography (GC) and detected by mass spectrometry (MS) using positive
chemical ionization (PCI). Three mass-labelled polyfluorinated compounds (°C 6:2 FTOH, "C 8:2
FTOH, "C 10:2 FTOH) were spiked to the samples prior to the extraction to correct for analytes’
losses. As injection standard, Me,FOSA was used. At lab C, samples were spiked with seven mass-
labelled polyfluorinated compounds (BC 6:2 FTOH, Bcg:2 FTOH, BC10:2 FTOH, D; MeFOSA, D;s
EtFOSA, D; MeFOSE, Dy EtFOSE) and four native 1H, 1H-perfluoro alcanols (5:1 FA, 7:1 FA, 9:1
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FA, 11:1 FA). Samples were extracted by cold column extraction using ethyl acetate (3 x 30 min).
The

combined extracts were rotary-evaporated and cleaned up using ENVI-Carb and anhydrous sodium
sulfate. As injection standards, Me,FOSA, 13:1 FA, and PCB30 were used. Instrumental analysis
occurred by GC-MS in the PCI  mode 7. All results of lab A and C were recovery-corrected.
SIP-based air concentrations of those PFC that were still in the linear uptake phase after two months
of sampling (FASA, FASE) were calculated by:

_ NSIP

cair -

R, -t
with: c¢,;: PFC air concentration, Ngp: PFC amount in SIP, t: duration of sampling period, Rq:
sampling rate. Sampling rates for several volatile PFC determined by Shoeib et al. *” are presented in
table 1. Sampling rates for the remaining substances were estimated based upon these numbers: 1.5
was used for MeFBSE and 2.6 for MeFBSA and MeFOSA. Air concentrations of PFC that were

already in the equilibrium uptake phase (FTOH) were calculated by:

N
Cair = —
Vair
with Ngp: PFC amount in SIP and V,;: the effective volume sampled by the SIP disk. V, was
determined by:
tk,

Vir = K pspya Vs (1= e m00?)

a
With K’pgym.a: dimensionless passive sampler medium-air partition coefficient, Vpgy: volume of the
passive sampling medium, t: deployment time, k,: airside mass transfer coefficient, D: film thickness.
Effective volumes used in this study are presented in table 2.

SPMD Samples

Sampling with SPMD was performed by the lab B only. Triolein-filled low density poly ethylene
(LDPE) tubes were applied to accumulate volatile PFC. Six SPMD were deployed per two-month
periods. After sampling, SPMDs were kept frozen (-20 °C) and in darkness until analysis that
occurred within 2-14 months. Details on the analytical procedure are described elsewhere “?. Briefly,
SPMD replicates were combined, cut into small slices, and liquid-liquid extracted with hexane and
acetonitrile. Rotary-evaporated extracts were analysed by GC-MS using the PCI mode. Compound-
specific mass-labelled polyfluorinated compounds ("*C 4:2 FTOH, “C 6:2 FTOH, "*C8:2 FTOH, "°C
10:2 FTOH) were applied prior to the extraction to correct for analytes’ losses and 9:1 FA was used as
the injection standard. Results were recovery-corrected. Since all analysed PFC were still in the linear
uptake phase after two months of sampling (/9), air concentrations were calculated using:

_ NSPMD

Coir =
R -1

with: c,;: PFC air concentration, Ngpyp: PFC amount in SPMD, R;: sampling rate, t: duration of the
sampling period. PFC sampling rates were estimated by the method of Huckins et al. (26):

__In(N/N,)

R, =V -K, -k, . e ¢

with
with: Vi@ SPMD volume, Kga: SPMD-air partition coefficient, k.: release rate constant, N: PFC
amount in SPMD at the end of deployment, Ny: PFC amount in SPMD at the beginning of
deployment. As suggested by Huckins et al. (26), octanol-air-partition coefficients (27) were used
instead of SPMD-air-partition coefficients to derive the sampling rates. N and N, were derived from
previous experiments ”. Theoretical SPMD sampling rates are reported in table 1.

High Volume Samples

High volume samplers were operated by lab D only. Details on methodological aspects of the
determination of volatile PFC in air samples are presented elsewhere (/4,28,29). Briefly, glass fibre
filters and cartridges filled with PUF/XAD-2/PUF were applied to accumulate particle-bound and gas-
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phase PFC. Cartridges were spiked with eight mass-labelled polyfluorinated standards (°C 4:2
FTOH, "C 6:2 FTOH, °C8:2 FTOH, "C 10:2 FTOH, D; MeFOSA, Ds EtFOSA, D; MeFOSE, D,
EtFOSE) prior to the sampling to account for analytes’ losses during sampling and analyses. Samples
were kept frozen (-20 °C) and in darkness until extraction. Extraction of the cartridges occurred by
cold column extraction (2 x 60 min, 1 x 30 min) using acetone-MTBE (1:1). A clean-up step was not
involved. Prior to the measurement, an injection standard (13C HCB, "C TCB) was added to rotary-
evaporated samples. Analytes were determined by GC-MS in the PCI mode. PFC concentrations were
calculated using the internal standards method. All results were recovery-corrected. Air
concentrations were calculated by:

N

HighVol
Cair =
\%
air
with: c,: PFC air concentration, Nyien voi: PFC amount in the cartridge, V: ambient air volume
measured using a flow meter.

Target Analytes

FTOH (C6-C12) were determined by all laboratories. MeFOSA, EtFOSA, MeFOSE, EtFOSE were
determined by three laboratories (A, C, D). MeFBSA, MeFBSE, 12:2 FTOH, and FTA were
determined by two laboratories (C, D) only.

RESULTS AND DISCUSSION

Standard solutions

Average or ‘consensus’ concentrations of volatile and semi-volatile PFC determined by each of the
four groups in two circulated standards solutions of unknown PFC levels are presented in table 1. PFC
concentrations were determined in triplicate by each group. Average standard deviation of triplicate
PFC concentrations decreased in the order of lab B (27 %) > lab C (6 %) =~ lab A (5.5 %) > lab D
(2 %). PFC concentration deviations among the laboratories were analyte-dependent. Highest
deviations were observed for MeFOSE with reported concentrations ranging from 16-86 % of the
consensus value. This large difference may be associated with different calibration standard solutions
used by each laboratory for quantification and variations in MeFOSE purity. Results for other
analytes were better, with reported concentrations ranging from 5-36 (FTOH), 16-21 (FTA), 3-36
(FASA), and 4-47 (remaining FASE) % of consensus values (figure 1). Standard deviations for the
consensus values (arithmetic mean for the results for the four laboratories) ranged from 16 % for
8:2 FTOH to 77 % for MeFOSE.

Field Intercomparison

Air concentrations of PFCs determined by different sampling approaches are presented in figure 2 and
tables S2-S7. The results from the high volume samplers demonstrate the large variability from one
week to the next with ranges in concentrations for some target compounds of almost two orders of
magnitude. The implication for monitoring purposes, is that to assess ‘average’ concentrations for
temporal trends analysis, it is necessary to perform high volume sampling continuously as intermittent
sampling (e.g. 1 day in 10) will lead to considerable uncertainty. A less costly alternative is to deploy
passive samplers over longer averaging periods — 2 months, in the case of this study.

A comparison of the active and passive sampling results, averaged over the 2-month passive
deployment periods is also shown in Figure 2 for SIP disks analysed by lab A and C and SPMD
analysed by lab B. Overall, better agreement with active air sample results was demonstrated for the
SIP disks (vs. SPMD) with fair agreement also observed in the results reported by labs A and C.
There was also greater detection of target analytes in the SIP disks compared to the SPMD. For
instance, 6:2 FTOH was not detected in any SPMD sample and 8:2 FTOH and 10:2 FTOH were not
detected in SPMD samples for periods IV, V, and VI. This may be due to FTOH uptake by the HDPE
membrane
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(19) or FTOH air concentrations being below the detection limit of lab B. Detection of FTA in
ambient air was only possible with the active sampling approach.

The variation in derived air concentrations expressed as the ratio of active/passive (table S8 — S16) is
described below for different compound classes, separately for the SIP disk and SPMD samplers.
Note the different analyte spectra for the participating groups.

FTOH

The average ratios for active/SIP derived air concentrations for FTOH are as follows: Lab A: 0.9
(10:2 FTOH) to 1.3 (6:2 FTOH) and at maximum a factor of 2.4 (6:2 FTOH, period II). Lab C: 1.1
(8:2 FTOH) to 2.2 (12:2 FTOH) and at maximum a factor of 4.6 (12:2 FTOH, period VI). The
average ratios for active/SPMD derived air concentrations for FTOH are 1.9 (8:2 FTOH) to 3.8 (10:2
FTOH) with a maximum of 6 (10:2 FTOH, period II). The observed deviations could not be explained
by analytical differences between the laboratories as assessed during the standard comparison. With
the exception of 12:2 FTOH, deviation factors were higher in period I, II, and III than in period IV, V,
and VI, probably due to the occurrence of several events of strongly elevated FTOH concentrations
that strongly influenced active sampling-derived concentration averages but were not reflected by the
passive sampling.

FASE & FASE

FASA and FASE concentrations determined by high volume sampling were mostly lower than those
of SIP-based samples, resulting in ratios for active/SIP-derived air concentration being usually below
1. The average ratios for active/SIP-derived air concentrations for FASA/E are as follows: Lab A: 0.2
(Me/EtFOSE) to 1.1 (EtFOSA). Observed FASA/E concentration deviation among active sampling
and SIP samplers of Lab A was highest for EtFOSA in period IV with a factor of 2. Lab C: 0.2
(MeFOSE) to 0.9 (EtFOSA). Observed FASA/E concentration deviation among active sampling and
SIP samplers of Lab C was highest for MeFOSE in periods IV-VI with a factor of 0.2. FASA and
FASE were not determined by Lab C using SPMD. As for FTOH, observed deviations were not
explained by analytical differences between the laboratories as assessed during the standard
comparison. Note, since outdoor air concentrations of FASA and FASE were low and close to the
detection limit, analytical uncertainty and imprecision of the data increased.

Calibration of passive samplers by high volume data
High volume and passive sampling data were used to calculate new sampling rates for FTOH (SPMD)
and FASA and FASE (SIP):

R _ NPS
s(new) —

C uir(HighVol) * !

with Rypew): Sampling rate calibrated by high volume data, Nps: lab difference-corrected amount of
PFC in the passive sampler (SPMD or SIP), Cuixmien vor: High volume sampler derived PFC air
concentrations, t: duration of the sampling period.

Sampling rates were calculated for each period and are summarised in tables S17-S22. Sampling rates
for FTOH could not be calculated for the SIP disks since they approached equilibrium with ambient
air during the two-month deployments.

Table 4 summarises the annual average sampling rates for the two SIP-disk-applying groups and the
SPMD-applying laboratory. These correspond to an annual average temperature of 10 °C and an
average wind speed of 2.7 ms™'. Overall, SPMD sampling rates were lower than those of SIP (tables
1, 4) which may explain some of the non-detects of lab B. Although lab A and C used the same kind
of sampling material, high volume-calibrated FASA and FASE sampling rates differed, probably due
to differences in methodology and method uncertainties between the two laboratories. The field-
calibrated sampling rates are higher than those reported by Shoeib et al.(2/) for an indoor calibration.
The higher sampling rates from this field study may be attributed to a wind-effect on sampling rates
that tends to increase sampling rates in outdoor studies where the sampling chamber is exposed to
wind (30,31). The sampling rates listed in Table 4 are also comparable to the average value of ~4 m’
d" derived for PUF-
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disk samplers (i.e. not impregnated with XAD) used under the GAPS network, for polychlorinated
biphenyls and organochlorine pesticides (32). This suggests that linear-phase sampling rates for the
PUF vs SIP samplers are comparable, and driven mainly by the surface area of the sampling medium.
This is consistent with theoretical predictions for compounds of similar size (33).

CONCLUSION

During this field intercomparison, active and passive sampling strategies using different sampling
materials (e.g. XAD/PUF, triolein/LDPE) were compared and evaluated for measuring PFC
concentrations in air. A laboratory intercomparison exercise was also conducted to assess the
analytical consistency between the participating groups. Analytical consistency between labs was
between 38 and 84 % for the determination of PFC in standard solutions and between 7 and 90 %
(relative to the concentrations maximum) for the determination of PFC outdoor air concentrations by
different sampling strategies. Some discrepancies and inconsistencies between labs may be attributed
to the different analytical methods or a different degree of experience in the analysis of airborne PFC,
but also on the different temporal resolution or meteorological effects on PAS sampling rates. The
results of the air sampling campaign showed that high volume air samples collected over durations of
a few days were able to reveal the widely varying air concentrations of PFC from one sampling period
to the next with concentrations changing by more than an order of magnitude. This has implications
for monitoring programs which sample air intermittently (e.g. 10% of the time) as these results may
not be representative of longer time periods. Because passive samplers are time-integrating, they are
effective at capturing the ‘average’ air concentration but at the cost of temporal resolution, with
results reported typically over deployments of a few months. This is not necessarily a disadvantage of
the passive samplers given their much lower operating cost. However, more work is required to
calibrate passive samplers for PFC and other compounds of interest.
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Table 1: Linear SIP and SPMD sampling rates (Rs, m3 d') reported in literature. Note that linear
sampling rates were not applicable to calculate SIP-based FTOH concentrations in this study since
SIPs already reached the equilibrium uptake phase. n.a.: not analyzed.

R,(SIP)
compound (21) R,(SPMD) (19)
6:2 FTOH 4.6 n.a.
8:2 FTOH 4.6 1.4
10:2 FTOH 4.6 2.6
12:2 FTOH n.a. n.a.
MeFOSA 2.6 n.a.
EtFOSA 2.6 n.a.
MeFBSE n.a. n.a.
MeFOSE 1.5 n.a.
EtFOSE 1.4 n.a.
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Table 2: Effective volumes (m3) used in this study to calculate FTOH air concentrations from
SIP sampling.

PeriodI  Period II Period III Period IV Period V Period VI

Deployment time

(d) 63 56 61 64 64 56
Average air

temperature (°C) 12.2 17.1 15.3 6.9 4.4 4.7

Effective air volumes (m?)

6:2 FTOH 160 121 137 198 210 190

8:2 FTOH 155 118 133 193 206 186

10:2 FTOH 158 121 136 194 207 188

12:2 FTOH 132 102 114 162 176 162
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Table 3: Mean concentrations (pg uL"', n=3) of volatile PFC in two standards solutions of unknown
concentrations that were circulated between the laboratories. c: concentration (pg uL™"). SD: standard

deviation (pg uL™"). RSD: relative standard deviation (%). n.a.: not analyzed.
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Table 4: Average field SIP and SPMD sampling rates (m3 d') and standard deviation of airborne
PFC calculated from on-site high volume data. R,: sampling rate (m3 d). SD: standard deviation (m3
d™"). RSD: relative standard deviation (%). T: annual temperature average (°C). U: annual wind speed
average (ms™). n.c.: not calculated. n.a.: not analyzed. n.d.: not detected.

Average Sampling Rate (m3d™) (T=10.1 °C,U=2.7m sh

SIP Lab A SPMD Lab B SIP Lab C
compound Rs SD SD (%) Rs SD SD (%) Rs SD SD (%)
6:2 FTOH n.c. n.d. n.c.

8:2 FTOH n.c. 0.83 +/- 0.35 42 n.c.

10:2 FTOH n.c. 0.79 +/- 0.32 40 n.c.

12:2 FTOH n.a. n.a. n.c.
MeFOSA 6.2 +/- 42 67 n.a. 4.8 +/- 2.2 45
EtFOSA 30 +/- 1.5 49 n.a. 4.8 +/- 3.2 66
MeFBSE n.a. n.a. 4.7 +/- 2.1 44
MeFOSE 11 +/- 7.1 66 n.a. 63 +/- 0.9 15
EtFOSE 6.7 +/- 2.0 30 n.a. n.d.
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Figure 2: PFC concentrations determined by different sampling strategies during the field
intercomparison. If an analyte was determined by a lab, but not detected, its concentrations was set to
zero and an asterisk was placed above the corresponding bar. Lab A (SIP),
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