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SUMMARY

Summary

Per- and polyfluorinated compounds (PFC) were recently identified as pollutants that are
being observed worldwide in all environmental compartments. Some of these compounds,
particularly perfluorinated carboxylates (PFCA) and sulfonates (PFSA), are considered as
toxic and extraordinarily persistent substances that accumulate in humans as well as in
wildlife. It was hypothesized that the atmospheric transport and degradation of volatile
polyfluorinated PFCA and PFSA precursors may provide an explanation for the presence of
non volatile persistent perfluorinated acids at locations remote from sources. Comprehensive
studies about the occurrence of poly- and perfluorinated substances in air were lacking and
gave reason for further investigations on the distribution of airborne PFC on temporal as well

as spatial scales.

In order to be able to accurately detect PFC at low concentrations the analytical procedure
was optimized. Basically, glass fibre filters and a sandwich polyurethane foam and the
polymer resin XAD-2 were used to accumulate particle-bound and gaseous PFC, respectively.
In previous studies, neutral volatile PFC were commonly extracted using ethyl acetate as
extraction solvent and determined by gas chromatography - mass spectrometry. Ionic PFC
were methanol-extracted and detected by high performance liquid chromatography - tandem
mass spectrometry. Although previous analytical methods using this set-up were capable to
detect airborne PFC, they were characterized by matrix problems that resulted in severe signal
enhancement of several analytes. During this study’s analyses it soon became evident that the
matrix problem was rather a solvent problem. This was confirmed by experiments
investigating the PFC recovery rates after the application of different extraction solvents.
Whenever ethyl acetate was involved, PFC recovery rates remarkably exceeded 100 %,
probably due to solvent impurities. Based on these results, the extraction solvent for gas-
phase PFC was changed to a 1:1 mixture of acetone and methyl-tert-butyl ether. Additionally,
chromatographic parameters were modified to achieve low detection limits. The optimized
method was used to determine several fluorotelomer alcohols (FTOH), fluorotelomer
acrylates (FTA), perfluoroalkyl sulfonamides (FASA), and perfluoroalkyl sulfonamido
ethanols (FASE) in the gas and particulate phase as well as a set of PFCA and PFSA in the
particulate phase.

Air concentrations of PFC were determined during several sampling campaigns in 2007 and

2008. Permanent air monitoring stations close to Hamburg (Germany) as well as several
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research vessels operating in the Atlantic Ocean, the Southern Ocean, and the Baltic Sea were
used as sampling platforms. Generally, samples were taken in one to four days intervals
during these campaigns. Airborne PFC occurred predominantly in the gas phase. While the
persistent perfluorinated acids (PFCA, PFSA) were only determined at low concentrations in
the particulate phase, their volatile neutral precursors (FTOH, FTA, FASA, FASE) occurred
predominantly in the gas phase in concentrations that were usually two orders of magnitude
higher. Only some FASA and FASE were observed in the particulate fraction, however, the
average contribution did not exceed 20 %. Concentrations of gas-phase PFC varied between
one and two orders of magnitude on temporal as well as on spatial scales. Total gas-phase
concentrations ranged from 4.5 pg m™ in the Southern Ocean to 335 pg m™ in source regions
in ship-based samples and from 17 to 972 pg m™ in land-based samples. With about 80 % on
average, the class of FTOH clearly dominated the gas-phase substance spectrum. The
compound that was usually detected in highest concentrations was perfluorooctyl ethanol
(8:2 FTOH) with a maximum concentration reaching 600 pg m~ in the gas phase.

Concentrations of individual particulate-bound precursors were usually below 1 pg m™.

During a 14 month lasting sampling campaign at two sites in the vicinity of Hamburg, PFC
concentrations were observed to vary strongly over time. This reveals the limited
interpretation potential of singular measurements. Concentration variations of precursor PFC
were characterized by a fluctuating baseline and singular events of strongly enhanced PFC
concentrations, probably due to emissions from local sources. The exclusion of these singular
high concentration events from the time series resulted in a less interrupted concentration
course where individual precursor concentrations were higher in summer than in winter.
Temperature-dependent emissions of volatile PFC from diffuse sources to the gas phase were
presumed to be responsible for this observation. Trajectory analysis revealed that the origin of
sampled air was a driving parameter influencing the PFC levels of these samples. Elevated
baseline concentrations of PFCA and PFSA precursors occurred, whenever air was arriving
from industrialized and populated regions west and southwest of Hamburg. Trajectory,
cluster, and correlation analyses performed on samples taken in the German Bight also
confirmed that medium to long-distance transport of airborne PFC from south-westerly
located source regions was an important factor determining the PFC level in northern
Germany and the North Sea region. Airborne PFC were detected on a global scale in all of the
collected air samples, even in Antarctica. PFC concentrations decreased from continental or
coastal areas towards the open sea and from Central Europe towards the poles. Southern
hemispheric concentrations of PFCA and PFSA precursors were significantly lower than
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those of the northern hemisphere. Atmospheric residence times of volatile PFC calculated on

the basis of temporal and spatial concentrations variations were in the order of 20 to 60 days.

As comprehensively demonstrated in this thesis, the ubiquitous detection of airborne PFC as
well as their residence time estimates give further evidence that this emerging group of
contaminants is subject to atmospheric long-range transport from mainly northern

hemispheric source regions towards remote areas.
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ZUSAMMENFASSUNG

Zusammenfassung

Per- und polyfluorierte Verbindungen (PFC) sind vielfiltig verwendete chemische
Substanzen, die mittlerweile weltweit und in allen Umweltmedien nachgewiesen werden
konnten. Einige PFC, vor allem Perfluorcarboxylate (PFCA) und Perfluorsulfonate (PFSA),
sind persistent, toxisch und reichern sich in Lebewesen, auch im Menschen, an. In einigen
Studien wurde festgestellt, dass der atmosphidrische Transport und Abbau von neutralen
volatilen PFCA und PFSA Vorldufersubstanzen die Existenz dieser persistenten perfluorierten
Sduren in quellenfernen Gebieten erkldren konnte. Obwohl erste Einzelmessungen von
volatilen PFC in Luftproben an verschiedenen Standorten einen atmosphérischen Transport
bestitigten, fehlen bisher Studien, die die Verbreitung von poly- und perfluorierten
Verbindungen umfassend darstellen. Aus diesem Grund wurde mittels intensiver
Luftbeprobung die Variabilitidt der PFC-Konzentrationen auf raumlicher und zeitlicher Ebene

untersucht.

Um PFC in Luftproben exakt und im Ultraspurenbereich bestimmen zu konnen, wurde
basierend auf publizierten Verfahren die analytische Methode optimiert. Prinzipiell werden
PFC in der Luft auf Glasfaserfiltern (partikuldire Phase) und geeigneten
Adsorbtionsmaterialien (Gasphase), hier Polyurethanschaum und XAD-2, angereichert. In
fritheren Untersuchungen wurden neutrale volatile PFC vor allem mit Ethylacetat extrahiert
und mittels Gaschromatographie - Massenspektrometrie detektiert. Diese Methode war jedoch
durch starke matrixbedingte Storungen gekennzeichnet, die sich vor allem durch
Signalverstiarkung diverser Analyte dullerten. Wahrend der vorliegenden Arbeiten wurde klar,
dass das Matrixproblem auf das verwendete Extraktionsmittel zurlickzufiihren war.
Experimente mit verschiedenen Extraktionsmitteln bestdtigten, dass immer dann, wenn
Ethylacetat verwendet worden ist, die Wiederfindungen von einigen polyfluorierten
Substanzen auf weit iiber 100 % stiegen. Aufgrund der Ergebnisse dieser Experimente wurde
das Extraktionsmittel fiir neutrale PFC von Ethylacetat auf Aceton:Methyl-tert-butylether
(1:1) gewechselt. Weiterhin wurden chromatographische Parameter modifiziert, um niedrige
Nachweisgrenzen zu erreichen. Die optimierte Methode wurde angewendet, um verschiedene
PFC in Luftproben zu bestimmen. Darunter waren Fluortelomeralkohole (FTOH),
Fluortelomeracrylate (FTA), Perfluoralkylsulfonamide (FASA), and
Perfluoralkylsulfonamidoethanole (FASE) in der Gas- und Partikelphase sowie PFCA und
PFSA in der partikuldren Phase.
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Die Luftkonzentrationen von PFC wurden in Proben aus verschiedenen Probenahme-
kampagnen der Jahre 2007 und 2008 bestimmt. Als Probenahmeplattformen dienten
Dauermessstellen bei Hamburg (Deutschland) und verschiedene Forschungsschiffe, die in
atlantischen und antarktischen Gewéssern sowie der Nord- und Ostsee operierten. Die
Luftproben wurden in Ein- bis Viertagesintervallen genommen. Polyfluorierte Verbindungen
in der Luft lagen vor allem in der Gasphase vor. Die perfluorierten Séuren (PFCA, PFSA)
wurden ausschlieBlich in geringen Konzentrationen in der partikuliren Phase bestimmt. Im
Gegensatz dazu waren die Gasphasenkonzentrationen ihrer neutralen volatilen Vorlaufer
(FTOH, FTA, FASA, FASE) bis zu zwei Groflenordnungen héher. Nur einige FASA und
FASE wurden auch in der partikuldren Phase detektiert. Durchschnittlich lag dieser Anteil
unter 20 %. Die Gasphasenkonzentrationen von PFC variierten zwischen ein und zwei
GroBenordnungen auf rdumlicher und zeitlicher Ebene. PFC Summenkonzentrationen in
Luftproben, die auf Forschungsschiffen genommen wurden, variierten zwischen 4.5 pg m™ im
antarktischen Ozean und 335 pgm™ in Quellengebieten. Die Summenkonzentrationen in
Luftproben von den permanenten Stationen bei Hamburg lagen zwischen 17 und 972 pg m™.
Mit durchschnittlich mehr als 80 % dominierten die FTOH das Substanzspektrum in der
Gasphase. Perfluoroctylethanol (8:2 FTOH) war die Einzelsubstanz, die in hdochsten
Konzentrationen vorgefunden wurde. Die Einzelstoffkonzentrationen in der partikuldren

Phase lagen meist unter 1 pg m™.

Wiéhrend einer 14monatigen Probenahmekampagne an zwei Dauermessstationen bei
Hamburg wurden die zeitlichen Variationen von PFC Konzentrationen untersucht. Die
beobachteten starken Schwankungen iber diesen Zeitraum verdeutlichten die limitierte
Aussagekraft von Einzelmessungen. Der Konzentrationsverlauf der volatilen PFCA- und
PFSA-Vorlauferverbindungen war durch eine fluktuierende Grundlinie gekennzeichnet, die
durch einzelne, unregelméfBig vorkommende Ereignisse stark erhohter Konzentrationen
unterbrochen wurde. Diese Hochkonzentrationsereignisse konnten durch lokale Quellen
verursacht worden sein. Die Bereinigung der Zeitreihen von diesen Einzelereignissen fiihrte
zu weniger gestorten Konzentrationsverldufen, bei denen die Konzentrationen der
Vorlduferverbindungen in den Sommermonaten hdher als die in den Wintermonaten waren.
Wir vermuten, dass temperatur-abhingige Emissionen von diffusen Quellen fiir diesen
beobachteten Konzentrationsverlauf verantwortlich sind. Die Luftmassenherkunft hatte einen
starken Einfluss auf die PFC Konzentrationen dieser Luftproben. Die Untersuchung der
Luftmassenherkunft mittels Trajektorien lie auf westlich und siidwestlich von Hamburg
gelegene Quellenregionen mit hoher Bevolkerungs- und Industriedichte schlieen.
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Trajektorien-, Korrelations- und Clusteranalysen von Luftproben aus der Deutschen Bucht
bestdtigten, dass Mittel- bis Langstreckentransport einen wichtigen Einfluss auf das
detektierte PFC Niveau in Luftproben aus Norddeutschland und der Nordsee hat. Poly- und
perfluorierte Verbindungen konnten in allen Luftproben von der Arktis bis zur Antarktis
nachgewiesen werden. Dabei nahmen Konzentrationen von kontinentalen und kiistennahen
Regionen zur offenen See und von Mitteleuropa zu den Polen ab. Die
Einzelstoffkonzentrationen waren in der Nordhemisphire signifikant hoher als in der
Stidhemisphédre. Auf Grundlage der zeitlichen und rdumlichen Konzentrationsvariationen
konnten atmosphérische Verweilzeiten flir die analysierten PFC berechnet werden. Diese

lagen im Bereich von 20 bis 60 Tagen.

Die Ergebnisse dieser Arbeit liefern neue Erkenntnisse iiber atmosphirisch transportierte
PFC. Sowohl die atmosphirischen Verweilzeiten als auch die festgestellte weltweite
Verbreitung von PFC in der Luft bestitigen, dass diese Gruppe von Chemikalien von
hauptsdchlich nordhemisphirischen Quellenregionen iiber weite Strecken in entlegene

Gebiete transportiert werden kdnnen.
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1. Introduction

1.1. Rationale

Fluorine is a key element in modern chemistry. In recent years, there was hardly another
element that chemistry contributed to the progress in numerous fields to the same extent as
fluorine did (Rdschenthaler, 2008). The group of poly- and perfluorinated organic compounds
(PFC) is one example of many other substance classes containing one or more fluorine atoms.
Due to their thermal and chemical stability as well as their surface activity, PFC or PFC-
containing products are applied in a variety of industrial and consumer products or household
agents and thus are a part of everyday life. Recently, it has become evident that those PFC
properties that are beneficial for their use as well as the extensive application of PFC itself
resulted in serious environmental problems. Most of the PFC are extremely persistent in the
environment and those PFC that do degrade, the so called precursor PFC, finally yield the
persistent compounds (Prevedouros et al., 2006). Some PFC have been identified to be toxic
(Lau et al., 2007) and bioaccumulative (Conder et al., 2008) and wildlife monitoring studies
revealed the worldwide distribution of PFC, even to remote regions such as the Arctic (Houde
et al., 2006). Given these aspects, PFC were classified as “new” chemicals of emerging
environmental concern and partly being scrutinized for possible persistent organic pollutant

(POP)-like behavior according to the Stockholm Convention (Keml, 2005).

One key issue for a compound’s classification or legislative regulation efforts is its potential
for long-range environmental transport. Oceanic transport is known to contribute significantly
to the PFC contamination of remote regions (Wania, 2007). In contrast, the importance of
long-range atmospheric transport of precursor PFC for the overall PFC contamination of these
ecosystems is less known. Analysis of the atmospheric transport of precursor PFC is also of
particular interest against the background of legislative regulations which aim to restrict
manufacturing and use of selected persistent PFC but not of their volatile precursors. In order
to better understand the atmospheric transport pathway it is essential to study the distribution
of airborne PFC. Particularly, the description of PFC air concentration variations on temporal

and spatial scales provides valuable information.
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1.2. Background

Per- and polyfluorinated compounds are substances that contain an alkyl chain of typically
four or more carbon atoms where all or most of the hydrogen atoms are replaced by fluorine
(Prevedouros et al., 2006). Due to the strength of the carbon-fluorine bond this replacement
causes the stability of the alkyl chain (Key et al., 1997). Additionally, PFC also contain a
more reactive functional group, e.g. an carboxyl, sulfonyl, or alcohol moiety, or their
derivatives. Together with the fluorinated chain these functional groups dictate the
compound’s characteristic physical, chemical, and toxicological properties. Several hundred
of these PFC are known today (Jensen et al., 2008), those, that will be focused on in this study
are presented in table I. They comprise ionic substances such as perfluoroalkyl carboxylates
(PFCA), -sulfonates (PFSA) or -sulfinates (PFSI) as well as neutral compounds like
fluorotelomer alcohols (FTOH), fluorotelomer acrylates (FTA) perfluoroalkyl sulfonamides
(FASA), and -sulfonamido ethanols (FASE).

PFC are surface-active compounds. Lowering the surface tension much more than other
surfactants at relatively low concentrations, they repel water, grease and dirt, and are therefore
used as detergents or impregnating agents in numerous industrial or consumer products
(Jensen et al., 2008; Kissa, 2001). Specifically, PFC are being applied as emulsifiers and
processing aids in the manufacture of inert fluoropolymers such as polytetrafluoro ethylene
(PTFE) or foaming hydrocarbons, in various coatings (wetting or grease resistance, leveling,
spreading, anti-blocking) for textiles, carpets, upholstery, or paper and packaging, in floor and
shoe polishes, personal care products, lubricants, corrosion inhibitors, paints, dyes, specialty
inks, electrical insulation, micro electronics, fire fighting foams, or pesticides (Begley et al.,
2005; Buck, 2008; Ellis and Mabury, 2003; Jensen et al., 2008; Johns and Stead, 2000; Paul et
al., 2009; Prevedouros et al., 2006). Trade names like Teflon”, Scotchgard®, Baygard®™, Gore-
Tex®, Zonyl®, or Stainmaster™ are just some well known examples of PFC containing
products. Generally, the eight-carbon chemicals (perfluorooctanoate (PFOA), perfluorooctane
sulfonate (PFOS) and its derivatives) have been most effective in commercial uses and
therefore were heavily applied in the past (Lau et al., 2007; Prevedouros et al., 2006). All of
the applications and products mentioned above contribute to the PFC contamination of the
environment, either directly during manufacturing, use, and disposal, or indirectly by washout
or evaporation of unbound residuals left from the manufacturing process (Dinglasan-Panlilio

and Mabury, 2006).
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Table I: Overview about poly-and perfluorinated compounds analyzed in this study.

Analytes

Acronym Structure

4:2 fluorotelomer alcohol

6:2 fluorotelomer alcohol

8:2 fluorotelomer alcohol

10:2 fluorotelomer alcohol

12:2 fluorotelomer alcohol

Fluorotelomer alcohols (FTOH)

. CF, _CF, _CH,
42FTOH g’ “cF, “cH, -OH

. CF, _CF, _CF, _CH,
6:2FTOH g c” “cF, “cF, ~CH, -OH

. CF, _CF, _CF, _CF, _CH,
82FTOH  gc” “cF, °“cF, “CF, CH, OH

_ CF, _CF, _CF, _CF, _CF, _CH,
102FTOH g, c” “cF, °“cF, “CF, ‘CF, ~‘CH, “OH

. CF, _CF, _CF, _CF, _CF, _CF, _CH,
122FTOH  g,c”" “cF, °cF, °cF, “CF, “CF, “CH, -OH

6:2 fluorotelomer acrylate

8:2 fluorotelomer acrylate

10:2 fluorotelomer acrylate

Fluorotelomer acrylates (FTA)

i
CF _CF, _CF, _CH C H
62FTA  ro 2cr 2ok 2ol o e
CH,
i
CF, _CF, _CF, _CF, _CH C H
8:2 FTA F3C/ ZCF2 2Cl:2 2CF2 ZCHZ 20/ \ﬁ/
CH,
i
CF, _CH, _CF, _CF, _CF, _CH C H
10:2 FTA F3C/ 2C|:2 ZCFQ 2CF2 20 f 2CH2 20/ \ﬁ/
CH,

N-methyl-perfluorobutane
sulfonamide

N-methyl-perfluorooctane
sulfonamide

N,N-dimethylperfluorooctane
sulfonamide

N-ethyl perfluorooctane
sulfonamide

perfluorooctane sulfonamide

Perfluoroalkyl sulfonamides (FASA)

O
/CF% /CF% Y4

F,C CF, S H
MeFBSA z z g \T/
CH,
o)
Nl 4
MeFOSA  ° 2 2 2 Y \T/
CH,
o)
_CF, _CFy _CF, _CFyy/
FsC F, F, “CF S _CH
Me,FOSA O// T
CH,
CF CF Fy /)
2 2 o¥r2 M2
F4C CF, <CF, *CF, P
EtFOSA d )
HoC
“CH,
CF, _CF, _CF, _CF //o
2 - 2 ~ 2 2
PFOSA FC” CF, “CFy CF, S{_
/" NH,
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Analytes

Acronym Structure

N-methyl-perflurobutane
sulfonamido ethanol

N-methyl-perfluorooctane
sulfonamido ethanol

N-ethyl-perfluorooctane
sulfonamido ethanol

Perfluoroalkylsulfonamido ethanols (FASE)

o
CF, _CF, y/

- CHy—CHZ0H
MeFBSE F3C CF, //S\N/ 2 3
o)

AN

CHj;

(0]
CF, CF, CF, CFy
ST RAET T RAET T AT A CH,—CH-OH
F3C CF, Fy CF, S 2 3
MeFOSE Vi \Ni
© CH,

0
CF, _CF, _CF, _CF, y/
7T 5cF, ScF, “cF, ° CH,~CH,0H
EtFOSE F3C CF2 F2 CF2 //S\N/ 2 3

O “CH,-CH,

Perfluoroalkyl carboxylates (PFCA)
perfluorobutanoate PFBA F, C/CFz\ cF, coo’
perfluoropentanoate PFPA FsC. CszcFZ\ oF, coo
perfluorohexanoate PFHxA Fsc’CF% CF/ZC Fa CF, coo
perfluoroheptanoate PFHpA FaC. CF/ZC FgCF/ZCF;CF/zCOO
perfluorooctanoate PFOA F, C/CFz CF/ZCFngZCFz*CF;COO-
perfluorononanoate PFNA FaC. F;CFQCF;CF% CF/ZCFZ‘ CF/ZCOO—
perfluorodecanoate PFDA FSC’CFZ F’ZCFQCF;CF% CF/ZCFZ‘ CF/ZCOO
perfluoroundecanoate PFUnDA FSC\CF/ZCF?C F/ZCF? CF/ZCF% CF/2CF2\CF/2 coo’
perfluorododecanoate PFDoDA F3C/CﬁEF/ZCF?CF/ZCFECF/2CF% CF/ZCF% CF;COO_
perfluorotridecanoate PFTriDA  FsCu CF/ZC EZCF/ZCFQC |:/2CF2 c F/ZCF% CF/2C Fa CF, coo

perfluorotetradecanoate
perfluoropentadecanoate
perfluorohexadecanoate
perfluoroheptadecanoate

perfluorooctadecanoate

CF, ,CF, CF, CF, CF, CF, _COO
PFTeDA  F,c” " 2cE,"CF, CF, ‘CF, ICF, ~CF,

F,c_ _CF, CF, CF, CF, CF, CF, _COO
PFPeDA SIScF, “cf, ¢f, cF, ‘cF, cf, “CF,

_CF, CF, ,CF, CF, CF, CF, CF, _COO
PFHxDA F4C icE, “CF, “CF, ‘CF/Q ‘CF/Z e, Ak,

F,c_ _CF, CF, CF, CF, CF, CF, CF, _COO
PFHpDA SNcF, %cF, *CF, CF, CF, ‘CF, ‘CF, “CF,

_CF, CF, CF, ,CF, CF, CF, CF, CF, _COO
PFOCDA  Fio”" %cg, " 3, 2cF, CF, ‘cF, ‘CF, ‘cf, >CF,
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Table I: cont.

Analytes Acronym Structure

Perfluoroalkyl sulfonates (PFSA)

perfluorobutane sulfonate PFBS F3C‘CF/20F2‘CF/2$O3—

perfluorohexane sulfonate PFHxS FsQCF/fF%CéCF%CF/ZSOQ
perfluoroheptane sulfonate PFHpS F3C/CF2CF/2CF% CF/20F2\CF/2803-
perfluorooctane sulfonate PFOS F3C\CF’2 CF@CéCF%CF/ZCF%CF/zSOS-
perfluorodecane sulfonate PFDS FSC\C CFp CFy CFy CFy SOy

. ‘CF, ‘CF, °CF, “CF,

Perfluoroalkyl sulfinates (PFSI)

; Fsc.CFa CFy 8O,
perfluorohexane sulfinate PFHxSi ¢, 4k, AcF,

: F,c. .CF, CF, CF, SO0,
perfluorooctane sulfinate PFOSi cF, %, icF, AcF,

. Fc_ _CF, CF, CF, CF, _SO,
perfluorodecane sulfinate PFDSi er, CF, ‘of, %cF, “cF,

PFC are being produced since the late 1940s (Paul et al., 2009; Prevedouros et al., 2006). The
total historical worldwide production of PFOA was estimated to be 3600-5700 t (Prevedouros
et al., 2006). Paul et al. (2009) estimated the total production of perfluorooctane sulfonyl
fluoride that was used to produce PFOS and its derivatives to be 96000 t or 122500 t
including unusable wastes. The production of PFC increased within the past 50 years.
Whereas in 1979, a total of 200 t fluorosurfactants were produced (Shoeib et al., 2004), the
production of PFOS in 2000 or PFOA in 2003 alone was estimated to be above 3500 and
500 t, respectively (Lau et al., 2004). Fluorotelomer alcohol production increased from zero in
1960 (Smithwick et al., 2006) over 5000-6000 t a™' in 2000-2002 (Ellis and Mabury, 2003) to
currently 11000-14000 t a™' (Dinglasan-Panlilio and Mabury, 2006).

PFC were mainly produced by Simons electrochemical fluorination (ECF) or
fluorotelomerization. During ECF, hydrogen fluoride is used to replace hydrogen with
fluorine atoms of hydrogen-containing organic substances (Simons, 1949). This process
yields linear and branched isomers and impurities of different chain length (De Silva and
Mabury, 2004; Giesy and Kannan, 2002; Kissa, 2001). In contrast, fluorotelomerisation, a
polymerisation process that involves the reaction of perfluoroalkyl iodides with perfluorinated

alkenes such as tetrafluoroethylen, forms straight-chain substances only (Kissa, 2001).

7



INTRODUCTION EXTENDED SUMMARY

Fluorotelomer alcohols which generally have the form CF;(CF,),(CH;),OH (n=o0dd
numbered) and are named (n+1):2 FTOH are products of this process. A third, however less
often used synthesis to produce fluorocarbons is liquid phase direct perfluorination (LPDPF)
which uses a hydrogen-containing starting material that is dissolved in a perhalogenated
liquid medium (De Silva and Mabury, 2004).

1.3. Environmental Concerns

Since the late 1990s, an increasing number of scientific studies pointed at the potential
environmental problems involved with PFC and brought these chemicals in the focus of
international public environmental concern. Several PFC are considered as toxic and
extraordinarily persistent substances that contaminate and accumulate in humans as well as
wildlife all over the world. Today, the awareness of producers as well as political stakeholders
for appropriate action concerning these compounds is reflected by voluntary commitments of
the fluorochemical industry and regulation efforts of political institutions. Examples are the
voluntary phase out of PFOS-based compounds by its main producer 3M in 2002 or the
commitment of PFC producing companies to reduce PFOA emissions by 95 % until 2010
(US-EPA, 2006) as well as several restrictions concerning manufacturing, marketing, and use
of PFOS by the United States Environmental Protection Agency or the European Community
(European Community, 2006; US-EPA, 2002).

1.3.1. Persistence

Perfluorinated acids have no known route of biotic or abiotic degradation in the environment
(Martin et al., 2004; US-EPA, 2002). Although thermal degradation of PFCA and PFSA was
observed at temperatures above 360-500 °C (Powley et al., 2005; US-EPA, 2000) and PFCA
were degraded by a technical photochemical system (Hori et al., 2005), perfluorinated acids
resist degradation by acids, bases, oxidants, reductants, photolytic processes, microbes, and
metabolic processes at environmental conditions (US-EPA, 2000). This is due to the strong
carbon-fluorine bond, the presence of three pairs of non-bonding electrons around each
fluorine atom, and the effective shielding of carbon by the fluorine atoms (Kissa, 2001).
Consequently, these fluorosurfactants as well as other fluorinated alkyl substances are stable

under conditions that degrade their hydrocarbon analogues (Kissa, 2001).

In contrast to the fully fluorinated acids, partially fluorinated compounds such as FTOH,

FTA, FASA, or FASE can undergo metabolic and atmospheric degradation. Biotic breakdown
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of FTOH and FASA was demonstrated in various studies using microbial systems (Dinglasan
et al., 2004; Wang et al., 2005) or in-vitro cultures (Martin et al., 2005; Tomy et al., 2004).
Several studies gave evidence for abiotic degradation of partially fluorinated compounds in
the atmosphere (see section 1.4), mostly using smog chambers as experimental approach (Butt
et al., 2009; D'Eon et al., 2006; Ellis et al., 2004; Hurley et al., 2004b; Martin et al., 2006;
Solignac et al., 2007; Sulbaek Andersen et al., 2005). Although yields were below 100 %, all
of these processes resulted in the formation of PFCA and PFSA.

Based on smog chamber experiments, atmospheric lifetimes of FTA and FASE were
estimated to be approximately 1 to 2 days, those of FTOH and FASA were estimated to be
higher than 20 days which is sufficient to reach remote locations (Butt et al., 2009; D'Eon et
al., 2006; Ellis et al., 2003). Estimates of atmospheric FTOH residence times based on field
measurements were even higher (Piekarz et al., 2007). Atmospheric lifetimes of PFCA with
respect to reaction with OH radicals were estimated to be approximately 130 days (Hurley et
al., 2004a). However, the major atmospheric removal mechanism is supposed to be wet and

dry deposition which probably occurs on a time scale of the order of 10 days.

1.3.2. Bioaccumulation

Numerous biomonitoring studies from all over the world revealed the bioaccumulation and
bioconcentration potential of several PFSA and PFCA (Bossi et al., 2005; Butt et al., 2008;
Butt et al., 2007a; Haukas et al., 2007; Houde et al., 2006, Martin et al., 2003; Powley et al.,
2008; Smithwick et al., 2005; Tao et al., 2006). Bioaccumulation of PFC varies species and
sex dependent (Hundley et al., 2006; Kennedy et al., 2004; Kudo et al., 2001; Olsen et al.,
2009). For example, the half-life time of PFOA was 5.6 days for male rats whereas that of
female rats was only 2 hours (Kudo et al., 2002). PFOA half-life times in monkeys were
observed to be between 20 to 30 days (Kennedy et al., 2004). In contrast, Olsen et al. (2007)
reported mean PFOA and PFOS human serum half-life times of 3.8 and 5.4 years,
respectively, revealing that humans excrete PFC rather slowly leading to enhanced
accumulation of these substances. Time trends of PFC concentrations observed in biota
roughly followed their production trends (Berger et al., 2007; Bossi et al., 2005; Butt et al.,
2007b; Smithwick et al., 2006). Generally, protein-rich tissues such as liver and blood were
the primary repositories where perfluorinated acids accumulated, usually with concentrations
that were orders of magnitude higher than those in other biological compartments (Ahrens et

al., in press; Jones et al., 2003; Martin et al., 2003; Powley et al., 2008; Van de Vijver et al.,
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2005). For example, concentrations of PFOS and PFOA in liver from Arctic polar bears
ranged from 263-6340 and 3-57 ng g, respectively (Martin et al., 2004; Smithwick et al.,
2005). Smithwick et al. (2005) observed that PFOS concentrations in polar bear liver were
even higher than those of several polychlorinated biphenyls (PCB) in fatty tissue. Human
blood concentrations of PFOS and PFOA ranged between <1 to 116 ng mL" and <1 to
256 ng mL™', respectively (Kannan et al., 2004) and reached up to 10600 (PFOS) and 6160
(PFOA) in occupationally exposed persons (Olsen et al., 2003). The analysis of human breast
milk revealed that PFC are also being accumulated in this compartment at concentrations
below 1 ng mL" and are thus being transferred to newborns (Kaerrman et al., 2007; Tao et al.,
2008a; Tao et al., 2008b; Voelkel et al., 2008).

Overall, PFSA were observed to be more bioaccumulative than PFCA of the same fluorinated
chain length (Houde et al., 2006; Martin et al., 2003; Ohmori et al., 2003). For example,
bioaccumulation factor means of perfluorononanoate (PFNA) and PFOS (both have eight
fluorinated carbon atoms) were 900 and 1800 L kg™, respectively (Conder et al., 2008).
Furthermore, bioconcentration and bioaccumulation were directly related to the fluorinated
chain length, i.e. they increased with increasing number of fluorinated carbon atoms (Conder
et al., 2008). In bioconcentration experiments performed by Martin et al. (2003), PFSA and
PFCA comprising of less than six or seven carbon atoms, respectively, did not accumulate in
any of the investigated tissues. Similarly, Conder et al. (2008) concluded that perfluorinated
acids below these carbon chain lengths are not considered to be bioaccumulative according to

regulatory criteria.

Several studies revealed biomagnification of PFCA and PFSA (Conder et al., 2008; Haukas et
al., 2007; Houde et al., 2006). Biomagnification factors of PFCA and PFSA appeared to be in
the same order of magnitude, an apparent relationship between fluorinated carbon chain

length and biomagnification was not observed (Conder et al., 2008).

1.3.3. Toxicity

Numerous studies on the toxicity of PFC, especially of PFOS and PFOA, have been
performed on various species in the past; however, little is known about the human toxicity.
Basically, the acute toxicities of PFCA and PFSA on various species are moderate but
increase with chain length (Jensen and Leffers, 2008; Mulkiewicz et al., 2007). Fluorotelomer
acids (FTCA), intermediates in the degradation of FTOH to PFCA, were observed to be more
toxic than the PFCA themselves (Phillips et al., 2007). The primary target organ of PFC

10
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toxicity was the liver although toxic and/or carcinogenic effects have also been reported for
other organs such as the thyroid gland or testicles (Fromme et al., 2006). PFOS and PFOA
were associated with liver enlargement and hepatocarcinogenesis in rodents and nonhuman
primates which were probably caused by peroxisome proliferation (Kennedy et al., 2004; Lau
et al., 2007). Both substances induced peroxisome proliferation, either by activating the
peroxisome proliferator-activated receptor-alpha (PPAR-a) or by perturbing lipid metabolism
and transport (Berthiaume and Wallace, 2002; Lau et al., 2007). The longer the perfluoroalkyl
chain of PFCA and PFSA the higher was the accumulation of the compound and thus the
potency to induce peroxisome proliferation (Kudo et al., 2000; Kudo et al., 2006; Lau et al.,
2007). Peroxisome proliferation and hepatotoxicity in FTOH-fed mice was also described
since these precursors readily form PFOA (Kudo et al., 2005). Gap junctional intercellular
communication, a process by which cells exchange ions, small molecules or second messages,
is involved in normal growth, development and may also play a role in carcinogenesis.
Perfluorooctane sulfonates and a number of fluorinated compounds structurally related to
PFOS have been demonstrated to inhibit gap junctional intercellular communication in vitro
and in vivo (Hu et al., 2002). This effect was dependent on the length of the fluorinated
carbon chain but not likely by the nature of the functional group (Hu et al., 2002; Lau et al.,
2007).

Developmental toxicity of perfluoroalkyl acids and their derivatives was reviewed by Lau et
al. (Lau et al., 2007; Lau et al., 2004). Dose-dependent increased morbidity and mortality of
newborns was observed in rats after prenatal PFOS exposure during pregnancy. Organ
development, growth, and weight gain were hindered as well. Precursors such as FASE
metabolizing to PFOS were observed to cause similar developmental toxicity as PFOS
(Luebker et al., 2005). Prenatal exposure to PFOA resulted in birth weight reduction and
neonatal mortality with similar patterns as those obtained for PFOS (Lau et al., 2007).

Yang et al. (2002; 2000) reported the immunotoxic potential of PFOA which was found
suppressing the inflammatory response. Several PFCA and PFOS were observed to disrupt
thyroid hormones and alter steroid hormone biosynthesis (Lau et al., 2007). Estrogen-like

properties were described for PFOS and FTOH (Austin et al., 2003; Maras et al., 2006).

Results from animal studies were extrapolated to evaluate the human health risks. It was
suggested that the health risks for the general, non-occupationally exposed population is

likely to be low (Fromme et al., 2007; Fromme et al., 2006; Midasch and Angerer, 2006).

11
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Trudel et al. (2008) and Vestergren et al. (2008) estimated that the greatest portion of the
chronic exposure to PFOS and PFOA was likely to result from the intake of contaminated
foods including drinking water. The contribution of consumer products was expected to be
minor. The relative importance of precursor-based PFOA and PFOS for the general
population was estimated to be below 10 % (Vestergren et al., 2008). Based on toxicological
studies and exposure estimates the tolerable daily intake (TDI) of PFOA and PFOS in
Germany was set to 0.1 pg kg™’ d' (BfR, 2006). The German long-term limit for PFOA in
drinking water was established at 0.1 ug L™' (BMG, 2006) and the maximum occupational air
concentration (MAK) of PFOA at 0.005 mg m” (DEG, 2005).

1.3.4. Long-Range Transport

First indications for long-range transport of PFC were presented in a study on the global
distribution of PFOS in wildlife liver and blood samples (Giesy and Kannan, 2001). Since
then, PFC, mainly PFSA and PFCA, have been detected in hundreds of biota samples from
the high Arctic to Antarctica revealing their presence at locations remote from sources (Bossi
et al., 2005; Butt et al., 2007b; De Silva and Mabury, 2004; Houde et al., 2006; Kallenborn et
al., 2004; Martin et al., 2004; Smithwick et al., 2005; Smithwick et al., 2006; Tao et al.,
2006).

PFCA and PFSA, particularly those of chain lengths less than ten carbon atoms, have been
detected globally in rivers and oceans and therefore are considered to be significantly
transported over long distances via this aqueous pathway (Caliebe et al., 2004; McLachlan et
al., 2007; So et al., 2007; Wei et al., 2007; Yamashita et al., 2008; Zushi et al., 2008).
Concentration of PFOS and PFOA ranged from 8.6 and 52 pg L in ocean surface water
(Yamashita et al., 2008) to 4385 and 3640 ng L in river surface water (Skutlarek et al.,
20006), respectively. Thousand-fold higher PFOS concentrations were observed in a river
following a spill of PFC containing fire fighting foams (Moody et al., 2001). It is estimated
that the majority of PFCA and PFSA is emitted directly to the water phase during
manufacturing and use (Paul et al., 2009; Prevedouros et al., 2006). Perfluorooctanoate that
reaches the Arctic via oceanic transport is calculated to be between 2 and 23 t a™ (Armitage et
al., 2006; Prevedouros et al., 2006; Wania, 2007). Being dissolved in the water phase or
enriched at the water surface, these ionic PFC may also be transferred to the air in marine
aerosols (Prevedouros et al., 2006). However, atmospheric removal by wet and dry deposition

is expected to occur in the order of a few days (Hurley et al., 2004a).

12
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Atmospheric transport and degradation of PFCA and PFSA precursors is considered as
another main long-range transport mechanism. However, its importance is discussed
controversially. Basically, PFCA and PFSA precursors like FTOH, FTA, FASA, or FASE are
thought to be emitted to the atmosphere during their manufacturing, the production of
fluoropolymers (Paul et al., 2009; Prevedouros et al., 2006), and more importantly by diffuse
sources during use and disposal (Barber et al., 2007; Dinglasan-Panlilio and Mabury, 2006;
Paul et al., 2009; Sinclair et al., 2007). Precursors are more volatile than PFCA and PFSA
(Goss et al., 2006; Kaiser et al., 2005; Krusic et al., 2005; Lei et al., 2004) and therefore are
more likely to undergo atmospheric long-range transport. Being in the atmosphere, these
volatile compounds are degraded to PFCA and PFSA by hydroxyl (OH) radical initiated
oxidation (see section 1.4) (Butt et al., 2009; D'Eon et al., 2006; Ellis et al., 2004; Ellis et al.,
2003; Martin et al., 2006). Precursors were detected in air in several studies in North
America, Europe, Asia, and the Atlantic Ocean (Barber et al., 2007; Jahnke et al., 2007b;
Jahnke et al., 2007¢; Kim and Kannan, 2007; Oono et al., 2008a; Piekarz et al., 2007; Primbs
et al., 2008; Shoeib et al., 2006; Stock et al., 2007; Stock et al., 2004) and modelling results
reveal the ubiquitous atmospheric distribution of FTOH and its degradation products
(Wallington et al., 2006). Concentrations of airborne PFC frequently reported in literature are
presented in tables II and III. The actual extent to which the atmospheric transport and
degradation of precursors contribute to the PFCA and PFSA contamination of remote regions
is still unclear. Some studies estimated that this pathway is less important than oceanic
transport, mainly due to the low PFCA and PFSA yield of the degradation reactions and too
low historic precursor emissions (Prevedouros et al., 2006; Wania, 2007). Several recent
studies estimated the Arctic deposition of perfluorooctanoate from FTOH oxidation to be
between 50 and 500 kg a’l (Schenker et al., 2008; Wallington et al., 2006; Wania, 2007,
Yarwood et al., 2007) whereas an earlier estimate by Ellis et al. (2004) assumed an
approximate flux of 0.1-10 t a” of PFCA to the Arctic. Nevertheless, the presence of PECA
and PFSA in glacial ice caps that received their contamination solely from the atmosphere
(Young et al., 2007), in air and lake water of remote mountains (Loewen et al., 2008), or the
occurrence of precursor degradation intermediates in precipitation (Loewen et al., 2005; Scott
et al., 2006), Arctic sediments, and air particles (Stock et al., 2007) reveal that the
atmospheric transport and degradation of precursors considerably contributes to the PFCA

and PFSA contamination of remote locations.
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1.4. Atmospheric Chemistry of PFC

The atmospheric degradation of PFC was investigated in several studies using smog chamber
experiments (Butt et al., 2009; D'Eon et al., 2006; Ellis et al., 2004; Hurley et al., 2004a;
Hurley et al., 2005; Martin et al., 2006; Sulbaek Andersen et al., 2005). Since they appeared
to be virtually non degradable, the atmospheric chemistry of perfluorinated acids themselves
was reported to be of minor importance (Hurley et al., 2004a). Removal of these acids from
the atmosphere depended rather on wet and dry deposition, which readily occurs in the order
of several days, than on gas-phase reactivity. In contrast to PFCA and PFSA, partially
fluorinated compounds can be significantly degraded in the atmosphere, usually by OH
radical initiated reactions. An overview about the atmospheric degradation of these substances

to the persistent acids is presented in figure I.

N-Et FOSE x:2 FTOH x2 FTA
+OH- N-Me FOSE F(CF,) CH,CH,0H F(CF,) CH,CH,0C(O)CHCH,
/WSOzN(R*)(IHZCHZOH {OH-
+NO-
N-Et FOSA other r0,
N-Me FOSA ’
F(CF,),SO,NHR'_ _ _ _ ‘TOH x.2 FTGly
= o +on- \F(CE,) CH,CH,0C(0)C(O)H
h *0, +OHs / hv

- +0,/-HO,*
other 2 2 FTAL

| F(CF,) CH,CHO

- F(CF,) SOO*(OH)N(RY)(R?) \

F(CF,),SO,NHR?
F(CF,)SO,NHR® — _

+OH™ ﬁ y=1,2,3,or4 N
~ . o OHe- other
/ 1 R*=CH,CH,OHorH |, q,
other other +0,
F(CF,),SO,NHR* . -
U e~ o _TOH ~ PFOS
F(CF,),SO,0H PFAL
F(CF,) CHO
F(CF)s0, Oher
SOz 1 other
COF X
2 F(CF,) e +NOs PFO
=x1 +0 F(CF,),OH —-Co, F(CF,),COO

2
/CHzoz' \ %O

F(CF,),0- F(CF,),0,°
w \ other PFCA F(CF,) C(O)F

(x<8)

Figure I: Summary of the most important reactions occurring during the atmospheric degradation of
FASA, FASE, FTA, and FTOH in air. FTAL: fluorotelomer aldehydes. PFAL: perfluorinated aldehydes.
FTGly: fluorotelomer glycoxylate. R': methyl or ethyl substitutes. R:-R*: various substitutes of
intermediate degradation products. Scheme adapted from Schenker et al. (2008), modified.
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Generally, the degradation of precursor substances (D'Eon et al., 2006; Ellis et al., 2004;
Hurley et al., 2004b; Martin et al., 2006; Sulback Andersen et al., 2005; Wallington et al.,
2006) can be distinguished into two parts. First, as revealed by red, purple, green, blue, and
brown colors in figure I, various OH radical initiated reactions at the compounds’ functional
group lead to the formation of F(CF;)x radicals. As side product, PFSA may be produced from
FASE oxidation during these reactions (green color). Second, PFCA are formed (black color).
PFCA of equal chain length are formed directly from the F(CF,)x radicals by reaction with
alkyl peroxi radicals; PFCA of chain lengths shorter than<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>