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SUMMARY AND THESIS LAYOUT

Per- and poly- fluoroalkyl substances (PFASs) are a group of manmade substances
synthesised for more than 60 years. Due to their specific properties, PFASs have been
widely used for industrial applications including: electronics, textiles, food packaging,
flame retardant formulae and laboratory tools, among others. However, it was during the
last fifteen years ago that interest for this group of compounds as environmental
pollutants was initiated. Due to their high release levels into the environment, stability and
accumulation, PFASs have been found ubiquitous in the environment and in biota.

In this context, the main goal of this doctoral PhD thesis was the study of the
occurrence, fate and behaviour of a wide range of PFASs (13 perfluoroalkyl acids, 4
perfluoroalkyl sulphonamides, 1 perfluoroalkyl sulphonamide and 3 perfluoroalkyl
phosphonic acids), in the environment, in food and, finally, in some human matrices. In
addition, the physicochemical properties studies and the aerobic biodegradation
experiments of 3 perfluoroalkyl phosphonic acids were also evaluated.

Therefore, the first specific objective was the development of different analytical
methods to study a wide range of PFASs in selected matrices. The analytical approaches
have been developed according the specific requirements of each matrix, and the
limitations presented in their analysis. The analytical methods have been based on the
use of on-line turbulent flow chromatography, online pre-concentration and off-line solid
phase extraction, followed by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). Different mass analysers have been used and compared.

These methods have been employed to assess the presence of PFASs in different
type of waters from different step along the water cycle: treated wastewater, river water,
ground water and drinking water. The occurrence of PFASs has been also studied in fish
and other food commodities. And finally, the PFAS accumulation in human samples was
studied in cord blood and breast milk.

This work is divided into six chapters. The first chapter is the general introduction and
the objectives of this PhD Thesis. In the introduction, different aspects are revised, such
as synthesis and global production, environmental fate and occurrence, human
accumulation, toxicology, regulations and future trends.

Chapters 2, 3, 4 and 5 present the experimental work undertaken during this PhD
thesis research. Each chapter has been divided into a specific introduction, results
(presented through the corresponding publications) and discussion. Part of the results
contained in Chapters 2 and 5 correspond to the experimental work carried out in the
laboratory of Prof. Dr. Thomas P. Knepper (Hochschule Fresenius, Institute for Analytical
Research, lIdstein, Germany) during a four month research internship under the
framework of the Marie Curie ITN programme - Environmental ChemQinformatics (ECO),
a part of the European Doctoral Programme.



Chapter 6 contains the general conclusions. Finally, a small summary in Catalan is
presented.

The cited literature and indexes for tables and figures can be found at the end of this
work, as well as the list of publications produced along the duration of the pre-doctoral
studies, but which are not presented in this thesis.

The distribution of the publications included in this Thesis is the following:
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Publication 1: “Analysis of perfluoroalkyl substances in waters from Germany and
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CHAPTER 1
I

Introduction






1. Introduction

1.1. Definitions

Per- and Poly- fluorinated alkyl substances (PFASs) are manmade compounds
synthesised for more than 60 years. According to the definition by Buck et al. (2011)
perfluoroalkyl substances are “aliphatic substances for which all of the H atoms attached
to C atoms in the nonfluorinated substance, from which they are notionally derived, have
been replaced by F atoms, except those H atoms whose substitution would modify the
nature of any functional groups” while polyfluoroalkyl substances are “aliphatic
substances for which all H atoms attached to at least one (but, not all) C atoms have
been replaced by F atoms, in such a manner that they contain the perfluoroalkyl moiety
C:nF2n+1— "

Per- and poly- fluoroalkyl substances are used as a backbone in some polymers. The
fluoropolymers are “carbon-only polymer backbone with fluorines directly attached” while
the side-chain fluorinated polymers are classified as “variable composition non-fluorinated
polymer backbone, usually with polyfluorinated side chains” (Johansson et al. 2012).

PFASs are a wide group of compounds varying in their structure and, thus, exhibit
different properties, environmental fate and toxicity, but their common trend is a general
high stability by the carbon-chain bond (one of the strongest in nature). The atomic
structure of fluorine has a Van der Waals radius of 1.35 A, lower than the other halogens,
and the highest electronegativity of the periodic table, being 3.98 in Pauling scale. As a
consequence of the high electronegativity of fluorine, the carbon-fluorine bond is very
strong (~110 kcal/mol) (Rayner-Canham 2003) and stable, making some of these
compounds Persistent Organic Pollutants (POPSs).

On the other hand, the high ionisation potentials of fluorine (1st: 1681 kJ/mol, 2nd:
3374 kJ/mol and 3rd: 6147 kJ/mol (Dean 1999) and its low polarisability leads to weak
inter- and intramolecular interactions (3M 2000b). Perfluoroalkanes present a double
character, hydrophobic and oleophobic, and when they are mixed with hydrocarbons and
water, form three immiscible phases. However, these compounds are more commonly
used with a charged moiety, such as carboxylic acid, sulphonic acid, phosphate or
guaternary ammonium group, which decreases their intrinsically hydrophobic character.
These functionalised chemicals present surfactant properties and make them suitable to
be used as emulsifiers during fluoropolymerisation synthesis (3M 2000b) among other
applications.

Most common PFASs, under the industrial point of view, are summarised in Table
1.1.
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Table 1.1: Perfluoroalkyl chemicals

Class Compound Abbreviation Formula Chemical structure
N-methyl perfluorobutane F(CF2)4SO,N(CH3)
sulfonamidoethanol NMeFBSE CH,CH,0OH
N-ethyl perfluorobutane F(CF2)4SO,N(CH,CHj3)
sulfonamidoethanol NEIFBSE CH,CH,0OH
Perfluoroctane sulphonamide FOSA F(CF2)sSO,NH,

Perfluorinated N-methyl perfluooctane

sulphonamides sulfonamide NMeFOSA F(CF2)sSO:N(CH5)H

(FSAs) N-ethyl perfluooctane
sulfonamide NEtFOSA F(CF,)gSO,N(CH,CH3)
N-methyl perfluooctane F(CF2)sSO2N(CHa)
sulfonamidoethanol NMeFOSE CH,CH,0OH
N-ethyl perfluooctane F(CF2)sSO,N(CH,CHj3)
sulfonamidoethanol NEtFOSE CH,CH,0OH
4:2 fluorotelomer alcohol 4:2 FTOH F(CF2)4CH,CH,0OH

Fluorotelomer 6:2 fluorotelomer alcohol 6:2 FTOH F(CF2)sCH,CH,0OH

Alcohols (FTOHS) 8:2 fluorotelomer alcohol 8:2 FTOH F(CF;)sCH,CH,0OH
10:2 fluorotelomer alcohol 10:2 FTOH F(CF2)10CH,CH,OH
12:2 fluorotelomer alcohol 12:2 FTOH F(CF3)1,CH,CH,OH
Perfluorobutane sulphonate PFBS F(CF)4SO3

Perfluorosulphona Perfluorohexane sulphonate PFHxS F(CF2)6SO3

-tes (PFSAs) Perfluorooctane sulphonate PFOS F(CF3)sSO3°
Perfluorodecane sulphonate PFDS F(CF2)10S0O3
Perfluorobutanoic acid PFBA F(CF,),CO0OH
Perfluoropentanoic acid PFPeA F(CF2)sCOOH
Perfluorohexanoic acid PFHXA F(CF2)sCOOH
Perfluoroheptanoic acid PFHpA F(CF,);COOH
Perfluorooctanoic acid PFOA F(CF)sCOOH

perfluorocarboxyli Perfluorononanoic acid PFNA F(CF2)sCOOH

-c acids (PFCAs))l Perfluorodecanoic acid PFDA F(CF2)1,COOH
Perfluoroundecanoic acid PFUNA F(CF2)1,COOH
Perfluorododecanoic acid PFDoA F(CF2)1,COOH
Perfluorotridecanoic acid PFTrA F(CF2)13CO0OH
Perfluorotetradecanoic acid PFTeA F(CF)14CO0OH
Perfluorohexadecanoic acid PFHXDA F(CF)1sCOOH
Perfluorooctadecanoic acid PFODA F(CF5)1sCOOH
6:2 fluorotelomer carboxylate 6:2 FTCA F(CF,)sCH,CO,

6:2 fluorotelomer unsatured 6:2 FTUCA F(CF2):CHCOy
carboxylate

Fluorotelomer 8:2 fluorotelomer carboxylate 8:2 FTCA F(CF,)sCH,COy

carboxylates 8:2 fluorotelomer unsatured i -

(FTCAs, FTUCAS) _ carboxylate 8:2FTUCA F(CF)sCHCO,

10:2 fluorotelomer carboxylate 10:2 FTCA F(CF2)10CH,CO,
10:2 fluorotelomer unsatured 10:2 FTUCA F(CF2)1CHCO;
carboxylate

6:2 FTS .
6:2 fluorotelomer sulphonate F(CF2)6CH.CH,SO

Fluorotelomer P THPFOS (CP2):CH-CH,SO,

sulphonates 8:2 fluorotelomer sulphonate 8:2 FTS F(CF2)sCH,CH,SO3

(FTSs) 10:2 fluorotelomer sulphonate 10:2 FTS F(CF2)10CH,CH,SO3

Perfluoro Perfluorohexa phosphonic acid PFHxPA F(CF2)sPO3H2

phosphonic acids Perfluoroocta phosphonic acid PFOPA F(CF3)gPO3H,

(PFPAS) Perfluorodeca phosphonic acid PFDPA F(CF2)10PO3H,




1. Introduction

1.2 Production and industrial applications

PFASs were synthetized for first time during the 1940s. The Manhattan project was a
research program led by the United States, with the United Kingdom and Canada, that
produced the first atomic bomb during World War Il. The project considered the need to
replace some materials in order to reduce the radioactive contamination generated in the
industrial-scale nuclear reactors. Then, DuPont engineers developed fluoro-chemicals,
and Teflon was launched as a gasket material in the modular cell of the nuclear reactors
(Sanger et al. 1989). After this first application, Teflon gained widespread use (Fall 2010).

1.2.1 Synthesis

The first synthesis process that allowed the large scale manufacture of fluorocarbons
was the Fowler Process (Fowler et al. 1947). This process is based on two steps:

1) Oxidation:
2 CoF, + F, 2 2 CoF;
2) High temperature fluorination
CgHy4 + 28 CoF3 > CgF14 + 14 HF + 28 CoF,

During the same period, 3M company discovered the electrochemical fluorination
(ECF): Simon’s process (Simons et al. 1949). This process is based on the electrolysis of
a solution of an organic compound in a solution of hydrogen fluoride, as follows:

R3C-H + HF &> R3C-F + H,

However, different processes have been introduced in the industrial synthesis in
order to: 1) improve reaction yields and, 2) introduce different functional groups for
decreasing their hydrophobic character and to make them adequate to be used as

emulsifiers, among others.

The main synthesis processes for perfluorosulphonic acids, sulphonamides and
perfluorocarboxylic acids are summarised in Figures 1.1 and 1.2.
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1. Introduction

As can be seen in Figure 1.1, the main routes of synthesis for sulphonyl fluorides are
by the reaction with metal fluorides and by the ECF. These fluorides can be hydrolysed to
perfluorooctanesulphonic acid, being one of the main synthesis processes. On the other
hand, the sulphonyl fluoride or chloride can react in ammonia medium (Roesky et al.
1970) or via azide formation for the synthesis of perfluoroalkane sulphonamides (Lehmler
2005). These primary perfluoroalkanesulphonamides can be used during the synthesis of
N-substituted  perfluoroalkanesulphonamides and  N,N-dialkyl  perfluoroalkane-
sulphonamides via alkylation of the N-H group. Another route for the synthesis of the N-
substituted sulphonamides is by the reaction of the corresponding sulphonyl halide with
the primary or secondary amine in the presence of a base (Lehmler 2005).

On the other hand, for pephluorinated carboxylic acids and their metal salts, the main
synthesis routes are summarised in Figure 1.2. The first synthesis method was by ECF of
the corresponding alkane carboxylic acid, but the yield of this reaction is really low (10-
20%) (Kissa 2001; Lehmler 2005). Due to the lack in yield obtained by these ECF,
fluorinated or chlorinated carboxylic acids were employed as a starting material by ECF
reaction with most successful yields (~76%) (Kissa 2001; Lehmler 2005). Other synthesis
methodologies include the photooxidation of the corresponding sulphinyl derivatives (Hu
et al. 1989), the reaction of perfluoroalkyl iodides with alkynes in the presence of urease
or catalase (Kitazume et al. 1988), with the presence of strong oxidising agents such as
chlorosulphonic acid or fluorosulphonic acid (Hauptschein et al. 1961a; Hauptschein et al.
1961b), or a halogen fluorosulphate (Shack et al. 1980).

For industrial synthesis of fluoroalkenes such as vinylidene fluoride,
tetrafluoroethylene, chlorotrifluoroethylene, trifluoroethylene and hexafluoropropene, the
telomerisation process is commonly used instead of the ECF (Améduri et al. 1997; Kissa
2001). A simplified schedule of industrial telomerisation is shown in Figure 1.3.
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SbF
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(Meth ) acrylate synthesis Amine synthesis

Figure 1.3: Industrial synthesis of fluorotelomer alcohols and related compounds by
telomerisation of tetrafluoroethylene (taxogen) with perfluoroethyl iodide (telogen);
adapted from Lehmler (2005).
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1.2.2 Industrial applications

Since the 1940s, PFASs have been manufactured for a wide number of industrial and
consumer products. These compounds are employed as fire resistant additives and oil,
stain, grease and water repellents. As components of products, they repel water and oil,
reduce surface tension much lower than other surfactants, act like catalysts for
oligomerisation and polymerisation, and function where other compounds would rapidly
degrade (3M 2000b). They are used to provide non-stick surfaces on cookware and
waterproof, breathable membranes for clothing, and in many industry segments including
the aerospace, automotive, building/construction, chemical processing, electronics,
semiconductors, and textile industries (USEPA 2010). The most relevant applications are
described in the “Organofluorine Chemistry: Principles and Commercial Applications”
(Banks et al. 1994) and include:

»  Textile repellent finishes (GoreTex®)

. Fluorosurfactants providing a predictable wetting, levelling and surface tension
reduction properties for use in floor finishes and coatings, sealers/caulks,
specially cleaners and personal care products (Masurf®)

. Fluoroplastics as poly(tetrafluoroethylene) (PTFE), perfluorinated compolymers,
amorphous perlfuoroplastics, poly(chlorotrifluoroethylene), partially fluorinated
plastics as poly(vinylidene fluoride) (PVDF) and poly(vinyl fluoride), increasing
their resistance and being used in laboratory materials, due also to their chemical
and physical inert properties.

. Fluoroelastomers as copolymers of hexafluoropropylene and vinylidene fluoride,
terpolymers of tetrafluoroethylene, vinylidene fluoride, hexafluoropropylene and
the perlfuoromethylvinylether. This synthetic rubber has wide chemical resistance
and superior performance due to the high temperature application in different
media.

. Fluoropolymer coatings as tetrafluoroethylene polymers (Teflon) or PVDF used in
non-adherent surfaces, such as frying pans or food packaging materials.

. During the 1980s and 1990s, PFASs were also used for biomedical applications
such as in blood diseases treatments, cancer therapy or ophthalmology, among
others.

Figure 1.4 summarises the main applications of different PFASs.
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Figure 1.4: Uses of alkylfluorinated substances, adapted from Buck et al. (2011).
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1.2.3 Global production

Perfluoroalkyl carboxylic acids (PFCAs). The commercial production of PFASs
began with perfluorooctanoic acid (PFOA) in 1947, by electrochemical fluorination
synthesis (3M Company Technical Bulletin 1995). After a few years, this compound was
used in the manufacturing of fluoropolymers (Kissa 2001). The production increased in
the 1960s and 1970s when they were included in fire-fighting foam formulations. During
the 1970s the total worldwide emissions of acidic perfluorinated substances, and
especially PFOA, have been estimated to be between 50 and 100 tonnes (Prevedouros
et al. 2006). On the other hand, between 1951 and 2004 the total of PFASs and PFOA
emitted to the environment varied between 2610 to 5720 tonnes, with peak of production
during year 2000 (Stock et al. 2010).

Perfluorosulfonic acids. The first perfluorosulphonic acid synthesised was
perfluorooctane sulphonate (PFOS) in 1949; 3M began producing PFOS-based
compounds by electrochemical fluorination, resulting in the synthetic precursor
perfluorooctane sulphonyl fluoride (Paul et al. 2009). From 1949 to 2002, 3M produced
approximately 3665 tonnes, 78% of the estimated global production of perfluorosulphonic
acids using this process (OECD 2002) in the United States (Decatur, Alabama) and
Belgium (Antwerp) (Paul et al. 2009). Linear PFOS was used as the main
perfluorosulphonic acid, although there are 89 linear and branched congeners with
different physical, chemical, and toxicological properties (Rayne et al. 2008; Rayne et al.
2009). The main industrial applications are stain repellents, and, together with PFOA, it
has also been used to obtain components of fire-fighting foams. PFOS is also widely
employed in some impregnation agents for textiles, paper, and leather; in wax, polishes,
paints, varnishes, and cleaning products for general use; in metal surfaces, and carpets
and it is used in multiple photolithographic chemicals including: photoacid generators and
anti-reflective coatings in the semiconductor industry; and, finally, as component of a
hydraulic fluid used in commercial aviation (Skydrol) (FOEN 2009). However, in spite of
their wide range of different applications, the most important emission sources of PFOS
are metal plating and through fire-fighting foams (FOEN 2009).

In the late 1990s, the Environmental Protection Agency (EPA) received information
indicating that PFOS was widespread in the blood of the general population and it started
the concern about its persistence, bioaccumulation and toxicity. Following discussions
between EPA and 3M company, the latter terminated production of these chemicals,
starting with the phase-out of the perfluorooctyl chemistry in 2000 (3M 2000a). According
to 3M Company (3M 2003), the global production of PFOS in 2000 was estimated at
approximately 3535 metric tonnes, and decreased to an estimated 175 metric tonnes
worldwide in 2001 (Stock et al. 2010). Currently, 3M Company is producing
perfluorobutyl-based products, such as perfluorobutane sulfonate (PFBS), although
production volumes are unknown (Stock et al. 2010). In 2002, the US-EPA identified 350
fluorinated compounds as Toxic Substances Control Act (US Environmental Protection
Agency, 2002), where many of them are PFASs and, at least 80 of them are produced in
large amounts (more than 4.5 tonnes in 2002) (USEPA 2002b; Stock et al. 2010).
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Fluorotelomers. Another important group of PFASs are fluorotelomers. These
compounds have been manufactured since the 1970s, with an estimated global
production between 2000 and 2002 of 5000 — 6000 tonnes/year (Prevedouros et al.
2006). These compounds are employed as raw materials of fluorotelomer iodides, olefins,
alcohols, and acrylate monomer. Residual telomer raw materials are potential indirect
sources of perfluoro carboxylic acids by, for example, oxidation (Prevedouros et al.
2006). Fluorotelomer based products have been used in surface treatment products
providing high performance surfactants in products that must flow evenly, such as paints,
coatings, and cleaning products, fire-fighting foams for use on liquid fuel fires, or the
engineering coatings used in semiconductor manufacture.

The production of these compounds was estimated at 12000 tonnes/year in 2004 and
current production is assumed to be comparable or greater than this amount (Stock et al.
2010).

1.3 Environmental Fate

Most of the PFASs are physical, chemical and biologically stable and have been
found to be widely spread in the environment (Armitage et al. 2006; Prevedouros et al.
2006; Kovarova 2008). Because of this wide distribution, some of these analytes are
considered as persistent organic pollutants (POPs). PFOS have been included under the
Stockholm Convention (UNEP 2010).

Most of the studies carried out during the last 15 years have been focussed on
assessing the environmental fate of PFOS and PFOA, because of their extended use
during the past decades, environmental distribution and persistency. In the next sections,
the main physical and chemical properties, degradation processes and, in general,
environmental fate are summarised. In addition, their environmental occurrence and
possible effects on human health are also summarised.

1.3.1 Physical/Chemical Properties

Perfluoroalkyl sulphonates and perfluoroalkyl carboxylic acids are strong acids that
exist in equilibrium between the neutral and anionic forms. In general, both the anionic
and neutral forms are soluble in water. In regard to the more studied compounds, PFOS
is water soluble, strongly acid and thermally stable. The potassium salt of PFOS has a
mean solubility of 680 mg/L in pure water. PFOS anion can form strong ion pairs with
many cations, which results in salting out in natural waters that contain relatively great
amounts of dissolved solids. The solubility of PFOS is inversely proportional to the salt
contents; therefore, the PFOS solubility in seawater is approximately 12.4 mg/L. On the
other hand, the mean solubility in pure octanol was reported at 56 mg/L. However, due to
the surface active properties, when the standard test system to measure the distribution
constant octanol-water (Ko,) is performed, three different layers are obtained. Thus, an
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octanol/water partition coefficient cannot be directly measured. Furthermore, other
physiochemical properties, such as the bio-accumulation factor and the soil adsorption
coefficient, cannot be estimated with conventional Quantitative Structure Activity
Relationship (QSAR) models for PFOS. In addition, Ko, is not suitable to predict other
properties, because PFOS is bound to the proteins instead, to be accumulated into the
lipids (Jones et al. 2003).

PFOA is a perfluorinated organic acid (pKs: 2.5 (USEPA 2005; Gilliland 1992)). The
typical structure has a linear chain of eight carbon atoms. Most of the reported physical
chemical properties are for the free acid. The free acid is expected to be completely
dissociated in water, leaving the anionic carboxylate in the water and the perfluoroalkyl
chain on the surface. In aqueous solutions, individual molecules of PFOA anion loosely
associate on the water surface and partition between the air / water interface. Several
reports note that PFOA salts self-associate at the surface, but with agitation they disperse
and micelles form at higher concentrations (Calfours et al. 1985; Simister et al. 1992;
Edwards et al. 1997; USEPA 2005). Water solubility has been reported for PFOA, but it is
unclear whether these values are for a micro-dispersion of micelles, rather than true
solubility. Due to these same surface-active properties of PFOA, and the test protocol for
the OECD (Organisation for Economic Co-operation and Development) shake flask
method, PFOA is anticipated to form multiple layers in octanol/water, much like those
observed for PFOS. Therefore, an octanol/water partition coefficient cannot be
determined.

Although Henry's law constant for perfluorosulphonic acids and perfluorocarboxylic
acid values suggests partitioning into air for neutral forms, the prediction of the amount
that partitions into air for ionic forms is rather complex, because of the uncertainty over
the degree to which carboxylic and sulphonic acids partition from water to the
atmosphere. The uncertainty arises with regard to the value of the acid dissociation
constant (i.e., pKy), or the fraction of the acid form present at environmentally relevant
pH. Both acids have been detected in air, water, and soil samples collected throughout
the world. The oceans are the final sink and the route of transport for sulphonic and
carboxylic acids, being detected on the surface and at depths of over 1,000 metres
(Yamashita et al. 2005). Some sulphonic/carboxylic acids have the potential for long-
range environmental transport (LRET) by a combination of dissolved-phase Ocean and
gas-phase atmospheric transport; however, determining which is the predominant
transport pathway is complicated by the uncertainty concerning water to atmosphere
partitioning. Furthermore, there is evidence that transport and subsequent oxidation of
volatile alcohol sulphonic and carboxylic acid precursors may contribute to the
concentration levels in the environment, including remote areas such as the Antarctic or
Arctic continents. The global fate of POPs is associated with different biogeochemical
cycles and geophysical drivers. The occurrence of PFASs into remote areas such as the
Antarctica, could be partially explained by the theory of cold condensation, concerning
the chemical movements or chemical transformations from sources under the impact of
environmental forces, such as temperature, and interaction with other environmental
compartments (soil, oceans, etc.) (Lohmann et al. 2007).
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1.3.2 Degradation reactions
1.3.2.1 Photolysis

The indirect photolytic half-life for PFOS, was estimated to be greater than 3.7 years
at 25 °C, whereas, in the case of PFOA, the half-life was around 349 days, using an iron
oxide photo-initiator model (ATSDR ; USEPA 2002a; Brook. D. et al. 2004; Cheng et al.
2008; EFSA 2008). Yamamoto et al. (2007) studied, for the first time, the
photodegradation of PFOS in water and alkaline 2-propanol under a low-pressure
mercury lamp at 254 nm and 32 W, for 10 days. The authors observed that degradation
rate of PFOS was around 8% after 1 day and 68% after 10 days of irradiation, while in
propanol the degraded yields were of 76 and 92% after 1 and 10 days irradiation,
respectively (Yamamoto et al. 2007).

Currently, new groups of compounds are in use in replacement of PFOS and PFOA,
which also should be considered. Plumlee et al. (2009) irradiated different
perfluorochemical surfactants in agueous hydrogen peroxide solutions using artificial
sunlight to study transformation under aquatic environmental conditions. In these
experiments indirect photolysis was observed for the N-ethyl perfluorooctane
sulphonamidoethanol (N-EtFOSE), N-ethyl perfluorooctane sulphonamido acetate (N-
EtFOSAA), N-ethyl perfluorooctane sulphonamide (N-EtFOSA), and perfluorooctane
sulphonamide acetate (FOSAA). The degradation of N-EtFOSE, gave other
perfluoroalkanesulphonamides and PFOA. Perfluorooctane sulphonamide (FOSA) and
PFOA were the final degradation products. UV-visible absorption spectra for the
perfluorochemicals, showing absorbance in the UV region below the range of natural
sunlight, were also reported. In order to elucidate the environmental fate of perfluoroalkyl
sulphonamides, the indirect photolysis is, therefore, an important aspect to be studied.
The photolytic transformation of these analytes into perfluorinated acids, such as PFOA,
could mean that a significant fraction of these compounds can be accumulated in the
ocean.

On the other hand, perfluoroalkyl sulphonamides are not the only photolytic
precursors of carboxylic acids. Ellis et al. (2004) studied the atmospheric degradation of
fluorotelomers, showing how these analytes are oxidised in the atmosphere to fluorinated
aldehydes (which absorb strongly in the region 300-350 nm). The authors postulated that
the atmospheric photolysis of the aldehydes will proceed via C-C bond scission with a
final sink of perfluorocarboxylic acids (Ellis et al. 2004). A similar process was observed
by Gauthier et al. (2005) for the 8:2 fluorotelomer alcohol in agueous hydrogen peroxide
solutions, with PFOA and PFNA as final end-products of the photolysis.

In spite of these studies, there is still a wide lack of knowledge, in terms of PFASs
photolysis. Further research is needed in order to elucidate any possible degradation
pathway through the photolysis of the most recalcitrant PFASSs.
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1.3.2.2 Hydrolysis

In general, PFASs can be considered highly resistant to degradation and, concretely,
long hydrolytic half-life has been reported for both, PFOS and PFOA.

Under experimental conditions of 50 °C and different pHs (1.5, 5, 7, 9, or 11) no
hydrolytic losses of PFOS were measured after a 49 days study (Hatfield 2001). Based
on mean values and the precision of the different measures, the hydrolytic half-life of
PFOS was estimated to be higher than 41 years at 25 °C.

In the case of PFOA, the study on the hydrolysis reactions performed by 3M
Environmental Laboratory (Report No. E00-1851, (USEPA 2002a)) showed that the half-
life estimated for PFOA at 25 °C, at different pH values between 5 and 9, was greater
than 92 years, with the most likely value of 235 years. However, there are controversial
studies regarding the half-life of PFOA (Environment Canada 2010). In this sense, it has
been reported that PFOA is the end-product in the troposphere of other acidic fluorides,
as a consequence this process is another source of PFOA in the environment (Ellis et al.
2004).

In spite of the high resistance to hydrolysis shown by some PFASSs, other groups can
show different trends. For example, whereas some polyfluoroalkyl phosphate surfactants
(PAPs) are relatively labile toward hydrolysis, as happens with trimesters
(Schwarzenbach et al. 2003), phosphate monoesters and diesters are stable, with
lifetimes on the order of several years under environmental conditions (Wolfenden 1998).
The hydrolytic stability of both 8:2 monoPAPS and 8:2 diPAPS was investigated under
aggressive conditions of pH 9 and 50 °C by D’Eon et al. (2007), and a minimum lifetime
of 26 years was reported (Wolfenden 1998).

Perfluoroalkyl phosphate esters, perfluoroalkyl telomer acrylates and fluorotelomer
iodides were also studied by Rayne et al. (2010). In these studies, the main conclusions
were that the hydrolysis of perfluoroalkyl phosphate esters (half-lives of several years in
marine systems and as low as several days in some landfills) of monomeric acrylates
could occur, and this process may contribute to current environmental loadings of
fluorotelomer alcohols and perfluoroalkyl carboxylic acids. In addition, the same process
applies for fluorotelomer iodides. On the other hand, the hydrolysis of the polymeric
acrylates are expected to be slower, with half-lives in soil and natural waters ranging
between several centuries to several millennia (Rayne et al. 2010).

The hydrolysis represents an important route of generation of recalcitrant PFASS,
such as PFOA and PFOS or the polymeric perfluoroalkyl acrylates. In contrast, this
process may not suppose an important degradation pathway for these compounds, since
their hydrolytic half-life is in the order of 41, 92 — 235 years and several centuries,
respectively.
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1.3.2.3 Biodegradation

Biodegradation studies have been carried out in a wide variety of microbial sources
and exposure regimes (Gledhill et al. 2000b; Gledhill et al. 2000a; Gledhill et al. 2000c;
Lange 2001; Beach et al. 2006). This is the most important mechanism to remove organic
contaminants in wastewater treatment plants (WWTPs) (and also in the environment)
under aerobic or anaerobic conditions (Parsons et al. 2008). The carbon-fluorine bond is
one of the most stable in nature and it limits the biodegradability of PFASs and,
consequently, these cannot be mineralised. The substantial energy yield from
defluorination indicates that, from a thermodynamic point of view, there is no reason why
microorganisms should not be able to obtain energy for growth from reductive
defluorination although such organisms have not been described to date (Vargas C
2000). These organisms should be evolved in order to benefit from this potential source
of energy and use the enzymatic machinery necessary to catalyse this reaction and
harness the energy produced, as in the case of chlorinated aliphatic compounds (Dolfing
J. 2000; Parsons et al. 2008).

The high concentration found for short chain PFASs led to the hypothesis that these
compounds could be the biodegradation products of longer related PFASs, such as
fluorotelomers (Kannan 2011). Under both aerobic and anaerobic conditions, Schrdder et
al. (2003) reported the biodegradation of PFOS, PFOA and non-ionic surfactants,
including  partially  fluorinated alkyl ethoxylates, perfluorooctanesulphonyl-
amidopolyethoxylate and perfluorooctanesulphonyl-amido—polyethoxylate methyl ether in
spiked wastewater samples. Fluorinated compounds were partly degraded under aerobic
conditions to form carboxylic acids. Regarding the non-substituted PFASs, such as
PFOS, they were found to be rapidly removed (within 2 days) under anaerobic conditions,
in contrast to the slower removal of PFOA. Among the non-ionic PFASs, only the
sulphonyl compounds were removed. The same authors proceed with an extensive study
of the biodegradation of PFOS and PFOA in aerobic and anaerobic reactors containing
sludge from WWTPs (Meesters et al. 2004; Parsons et al. 2008). No biodegradation was
observed under aerobic conditions, although under anaerobic conditions it was observed
that the removal of PFOS was followed by PFOA. Nevertheless, neither compound could
be further detected after 26 days, nor any metabolites, nor increases in fluoride ion
concentration were detected (Meesters et al. 2004; Parsons et al. 2008).

The ability of sludge systems to transform N-EtFOSE has been studied by Boulanger
et al., (2005). In their work the degradation of N-EtFOSE (a primary monomer used in
3M’s polymer surface protection products) to lesser-substituted perfluorooctane
compounds in bioreactors amended with aerobic and anaerobic sludge was followed
during 96 h. N-EtFOSAA and PFOSulfinate were detected as main metabolites from the
aerobic experiment, but no biodegradation was achieved under anaerobic conditions.

The degradation of fluorotelomers has been studied under a wide variety of
conditions and organisms and, in this case, it should be noted that the results are highly
dependant on conditions and organisms used in each case (Key et al. 1997). For
example, Wang et al. (2005) studied the biodegradation in a simulated water treatment
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process. Different metabolites were identified, indicating that a-oxidation did not take
place. The results demonstrated that perfluorinated fluorotelomer carbon bonds are
defluorinated and mineralised by microorganisms under conditions which may occur in a
WWTP, forming shorter fluorinated carbon metabolites (Wang et al. 2005). Later, Myers
et al. (2010) studied the degradation of fluorotelomer carboxylic acids, and the rapid
degradation has indicated that the sorption to the sediment was the greater effect for
longer-chain carbon compounds. PFOA and PFDA were the degradation products, but in
general terms, it was found that degradation products were dependent on initial carbon
length as described by Dinglasan et al. (2004). In parallel, Fromel et al. (2010) performed
the aerobic biodegradation of a commercial mixture of fluorotelomers ethoxylates with an
unfiltered effluent from a municipal WWTP. Fluorotelomer ethoxylates were rapidly
transformed with approximately 1-day half-lives, due to the w-oxidation of the terminal
hydroxyl group to the respective carboxylic acid, followed by sequential shortening of
ethoxylate units which led to fluorotelomer carboxylates. The transformation rates
suggested the long half-lives of some fluorotelomer ethoxylate congeners in the
environment (Fromel et al. 2010). In addition, the degradation of fluorotelomer alcohols
into PFHxA and PFOA was also studied (Fromel et al. 2010).

Recently, polyfloroalkyl phosphates have been studied. For example, ingested mono-
and di- polyfluoroalkyl phosphates can be degraded to PFOA and other carboxylic acids
in rats (D'Eon et al. 2007), and these compounds were also degraded to perfluorinated
acids by microbials present in soil and wastewater (D'Eon et al. 2007).

Table 1.2 summarises different PFAS biodegradation experiments reported in the
literature. As can be seen, some experiments on polyfluoroalkyl substances have been
carried out, but there is still a lack of knowledge about the organism's ability to degrade
perfluoroalkyl substances.

18



1. Introduction

Table 1.2: Biodegradation experiments conducted for PFASs with different organisms

Biodegradation

Studied PFASs Results Reference
Process
2(N -ethyl Aerobic waste » Degraded to PFOS and other metabolites
perfluorooctane water treatment - (3M 2000b)
) within 25 days
sulphonamide)ethanol  sludge
PFOS, PFOA, Sewage sludge * Partialy degrad.ed u.nder aerobic conditions
: to form carboxylic acids
fluorinated alkyl from WWTP under . .
. * PFOS removed within 2 days under (Schroder
ethoxylates, aerobic and . .
. anaerobic conditions. PFOA removal slower 2003)
fluorosulphonyl anaerobic
" than PFOS
ethoxylates, conditions .
« Partialy removal of sulphonyl compounds
gi?)r(?:fadation ina « Half-life of the 8:2 FTOH ~0.2 days/mg e
8:2 FTOH . 9 ) . * Fluorotelomer acids and PFOA as (Dinglasan
mixed microbial ; et al. 2004)
degradation products
system
Aerobic and
PEOA and PFOS anaer.okl)lc reactors . Remov_al of PFQS followed by PFOA under (Meesters
containing sludge anaerobic conditions et al. 2004)
from WWTPs
» N-Ethyl sulphonamide and PFOS sulphinate
Bioreactors as metabolites from aerobic
N- alkylperfluoroocta amended with biotransformation (Boulanger
sulphonamidoethanol  aerobic and « No transformation of N- alkylperfluoroocta et al. 2005)
anaerobic sludge sulphonamidoethanol under anaerobic
conditions
. « Defluorination and mineralisation of
Simulated water fluorotelomer carbon bonds (W t al
ang et al.
FTOH treatment
s rga men p_rocess » Formation of shorter fluorinated carbon 2005).
microorganism .
metabolites
FTOHTr-based polymer  aerobic incubation ;j:aslf—llfe of 8:2 fluorotelomer alcohol ~28 (Koch et al.
of soil Y , 2007)
* PFOA as a degradation product
N-ethyl . « Half-life ~ 0.25 days
Activated sludge
perfluorooctane 9 * N-Ethyl sulphonamide, FOSA, PFOS and (Rhoads et
) from a WWTP . al. 2008)
sulphonamidoethanol PFOA as a degradation products
fluorotelomer Soil-water » Rapid degradation (Myers et
carboxylic acids microorganism * PFOA and PFDA as degradation products al. 2010)
fluorotelomers aerobic
ethoxvlates biodegradation with * Half-life ~ 1 day (Frémel et
comn}(ercial mixture effluent water from « PFHXA and PFOA al. 2010)
WWTP
« Half-life < 2 days (both medias)
biodegradation in * PFHXA, PFPeA, PFBA and 4-3 acid as .
6-2 Fluorotelomer soil and mixed d dati duct (Liu et al.
alcohol egradation products 2010)

bacterial culture

« 5-3 ketone aldehyde degradation product in
mixed bacterial culture
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1.3.2.4 Thermal degradation

Although the thermal degradation of PFASs is expected to occur at very low rates,
different studies suggested that PFOS would have lower thermal stability than other
PFASSs, due to the carbon-sulphur bond. The energy of this bond is weaker than carbon-
carbon or carbon-fluorine and under incineration conditions could be broken (Dixon 2001;
Yamada et al. 2003; Giesy et al. 2010).

In addition, PFASs can be generated by thermolysis in high temperature processess.
For example, the thermolysis of fluoropolymers has been identified as a potential
environmental source of PFOA (Ellis et al. 2001; 2003; Environment Canada 2010).
However, due to the high temperatures required for this process (365 °C), the unlikely
contribution to the PFOA long-range transport was pointed out by the authors (Ellis et al.
2001; Ellis 2003; Environment Canada 2010). Nevertheless, the thermolysis of
fluoropolymers could be a significant source of trifluoroacetate (Ellis et al. 2001), which is
a greenhouse gas (Ellis et al. 2001).

1.3.3 Adsorption/Desorption

Although the behaviour of PFASs in the environment is related in a great manner to
adsorption and desorption processes in soil, few data are available. It is noteworthy that
PFOS appears to adsorb strongly to soil, sediment, and sludge with an average
distribution coefficient (Kd) greater than 1 mL/g, and Koc greater than 10,000 mL/g
(Ellefson 2001; Giesy et al. 2010). In addition, soil adsorption of PFOS can be achieved
in less than 24 h and, in some cases, could be a faster process occurring at around 1
min. This rapid equilibrium, combined with the fact that desorption does not take place
even with organic solvents (Kdes < 1 mL/g), makes PFOS not mobile in soil, sediment
and sludge (Giesy et al. 2010). Since PFOS is a strong acid, it probably forms strong
bonds in soils, sediments, and sludge via a chemisorption mechanism (Giesy et al. 2010).
The findings of Ellefson are supported by the study carried out by Johnson et al. (2007) in
which the isotherms and solid/solution distribution ratio for PFOS in different types of soil
were studied. PFOS adsorption is due to the organic carbon present in soil, or to the
electrostatic attractions when organic carbon is not present (Johnson et al. 2007).
However, it should also be mentioned that the adsorption rate of PFOS was smaller than
their analog, hydrocarbon. Although, PFOS cannot be mobilised from soil, other PFASs
that have long soil half lives of 6 months (Clarke et al. 2011) can be mobilised by rainfall
(Gottschall et al. 2010) being therefore, a problem for groundwater and plants.

Zhou et al. (2010) have studied the sorption of PFASs on activated sludge, and the
different sorption kinetics according to their carbon chain length and different functional
groups were considered. The calculated distribution coefficients indicate that PFOS had a
higher sorption tendency to activated sludge than PFOA (Zhou et al. 2009).
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1.3.4 Bioaccumulation and biomagnification

Due to the low tendency to be degraded by any physical, chemical or biological
process, these compounds are persistent in the environment. In addition, PFASs present
the tendency to bioaccumulate in living organisms and biomagnify through the food chain.
For example, some studies have been focussed on assessing the bioaccumulation
factors of PFOS and FOSA, indicating their increase with the trophic level in
bioaccumulation factors higher than the unit in both cases (Tomy et al. 2004; Tomy et al.
20009).

PFASs are widely distributed in the environment, and a high number of studies have
been carried out during the last decade in order to assess the presence and distribution
of PFASs in biota, particularly in the aquatic food chain. Figure 1.5 summarises some
studies reporting the accumulation of PFASs along the marine food web. It should be
noted that PFOS and PFOA have been the most studied compounds, and also those with
the highest accumulative trends. However, as a result of the phase-out of production of
perfluorooctanesulphonyl-based compounds by a major producer, concentrations of
PFOS in the aquatic environment have declined since the early 2000s. Whereas, for
other PFASs the accumulation behaviour continues being poorly studied, in particular for
the new compounds that were introduced in the market as replacement of PFOS and
PFOA.

In most of the studies, especially in those before 2008, PFOS was the prevalent
compound. PFOS has been classified as persistent and bioaccumulative, and similarities
in chemical structure and environmental behaviour of PFOS and the PFCAs that have
been detected in wildlife have generated concerns about the bioaccumulation potential of
PFCAs. Differences between partitioning behaviour of the acidic compounds and
persistent lipophilic compounds make difficult the understanding of PFCAs
bioaccumulation and the subsequent classification of the bioaccumulation potential of
PFCAs, according to existing regulatory criteria. Based on available research, five key
points should be considered, in order to evalute the bioaccumulation potential of perfluoro
acidic compounds, including perfluorocarboxilic acids (Conder et al. 2008). The key
points are

= Bioconcentration and bioaccumulation of perfluorinated acids are directly related to
the length of each compound’s fluorinated carbon chain;

= PFASs are more bioaccumulative than PFCAs of the same fluorinated carbon chain
length;

= PFCAs with seven fluorinated carbons or less are not considered bioaccumulative,
according to the range of promulgated bioaccumulation,“B”, regulatory criteria of
1000-5000 L/kg;

= PFCAs with seven fluorinated carbons or less have low biomagnification potential in
food webs, and;

= more research is needed to understand the bioaccumulation potential of PFCAs with
longer fluorinated carbon chains (>7 fluorinated carbons), as PFCAs with longer
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fluorinated carbon chains may exhibit partitioning behaviour similar to or greater than
PFOS.

The bioaccumulation potential of perfluorinated acids with seven fluorinated carbons
or less appears to be several orders of magnitude lower than classic lipophilic POPs
classified as bioaccumulative.

Another relevant trend in the accumulation of PFASs is that the environmental
behaviour of this class of chemicals differs from other known POPs. Due to their
hydrophylic nature, PFASs do not accumulate in lipids, but are found at the greatest
concentrations in blood and liver (Giesy et al. 2001). The physico-chemical structure of
PFASSs, as with PFOS, suggests the possibility of interactions of either the sulphonic acid
group or the hydrophobic alkyl chain with serum proteins. One of the possible sites of
action might be to interact with those serum proteins that are involved in endocrine and
immunological functions. It has been proposed that interaction of chemicals with certain
serum proteins might disturb normal endocrine function.

Since PFASs enter in the food chain, this is one of the routes of human exposure to
this group of contaminants. Also, during the last decade, an important research has been
paid to elucidate the human accumulation of PFASs (Ericson et al. 2008a; Pico et al.
2010). Main sources of PFASs for humans are presented in Figure 1.6.

PFASs have been found to accumulate in the blood of exposed organisms, as well as
in other target organs, such as the liver. The potential for these surfactant molecules to
interfere with hormone/protein interactions in blood is of concern, given the importance of
these interactions (Jones et al. 2003). Different authors have studied the elimination half-
life of some PFASs in different mammals, being controversial in some cases. Table 1.3
summarises some of the published works.
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Figure 1.6: scheme of the main input sources into the human body (Figure 1.6)

Table 1.3: Half-life elimination of different PFASs from serum/plasma reported in different
studies. Table adapted from Lau et al. (2007).

. PFHxS PFBA PFOA
Specie PFBS F v PFOS = i = v Reference

(Johnson et al.
1.6- 1979; Kemper et al.
1gh 90 24h46d 5003 Chang etal.
2007)

Rat 100d

(Lau et al. 2005;

Mouse 3h 17h 17d  19d Chang et al. 2007)

Rabbit 7h 55h (Hundley et al. 2006)

(Hanhijarvi et al.

Dog 8-13d 20-30d 1982)

(Noker et al. 2003;
Butenhoff et al.

Monkey 35-4d 87d 141d 150d 1.7d 30d 21d 2004; Lieder et al.
2006; Chang et al.
2007)

Human 85y 54y 38y (Olsen et al. 2007)

List of acronyms: Female (F); Male (M); hours (h); days (d); years (y).

The transport and accumulation of PFASs in different organisms do not follow
common pathways as occur with other POPs. Luebker et al. (2002) performed an in vitro
assay in order to determine if there was any interaction between the liver-fatty acid
binding protein (intracellular lipid-carrier protein) and some PFASs including PFOS,
PFOA, and different sulphonamides (Luebker et al. 2002). In this way, the interference of
PFASs between the binding of the liver-fatty acid protein and the 11-(5-
dimethylaminonapthalenesulphonyl)-undecanoic acid was studied. The results showed
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that PFOS exhibited the highest level of inhibition of the binding in the competitive binding
assays, followed by sulphonamides and PFOA (Luebker et al. 2002). This work provides
evidence that PFASs are bioaccumulated through the binding with endogenous organism
ligands, with a possible contribution to toxicity (Luebker et al. 2002). Another example is
the study carried out by Han et al. (2003). The authors studied the PFOA binding to rat
and human plasma proteins. The results showed that most PFOA was in protein-bound
form in rat plasma, being the primary PFOA binding protein in plasma serum albumin.
Similar results were found for human serum albumin, but in that case the transport
pathway was different (Han et al. 2003). Another work performed by Jones et al. (2003)
has been focussed on the study of the ability of PFOS and other related longer carbon
chain analytes to displace a variety of steroid hormones from specific binding proteins
(among them albumin) in fish and bird serums. The results concluded that PFOS can
weakly displace estrogen or testosterone in fish and cortisone in birds. An increase was
observed of the displacement for the corticosterone with the chain length and, in general,
perfluoroalkyl sulfonic acids were more potent than perfluoroalkyl carboxylic acids for
concentrations higher than 160 mg/L in serum (Jones et al. 2003).

In section 1.7 human accumulation, fate and occurrence in humans will be presented
and discussed.

1.4 Environmental sources of PFASs

Direct and indirect sources of PFASs contamination in the environment have been
identified. Direct sources are the discharges or emmissions at production sites,
fluorotelomer manufacturing and processing, fluortelomer dispersions, aqueous fire-
fighting foams and consumer and industrial products. Indirect sources are mainly the
degradation of perfluoroalkyl based products and different industrial point sources ch as
galvanising industry, paper industry and WWTPs. Another important source related to
WWTPs is the contaminated sludge when applied on agricultural land (Clarke et al.,
2011). In this case, the analytes present in the amended soil can be mobilised by rainfall
reaching groundwater (Table 1.4) (Gottschall et al., 2010). Other indirect sources show
different patterns of emission. For example, these releases are dependent on the
lifespan, use and disposal of the products. While secondary sources like textiles and
carpets have a long lifespan in apartments, others, like paper and packaging, have a
short lifespan and are carried out to waste disposal sites (Paul et al. 2009). In addition,
the disposal of treated products or products contain theirein may lead to new point
sources in form of landfill sites (Schultz et al. 2003, Boulanger et al. 2005b), even though
used precursor substances might have to be degraded in situ before they attain any
leachate (van Zelm et al. 2008)
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1.5 Occurrence of PFASs
1.5.1 Occurrence in wastewater and sludge of wastew  ater treatment plants
1.5.1.1 Wastewater

Due to the high production and consumption of fluoropolymer and telomer-alcohols,
industrial discharge is considered to be one of the major sources of PFASs in the
environment. It is known that PFOS and PFOA were ubiqutous compounds due to their
high production and use. For example, Tang et al. (2006) reported that wastewater from
the semiconductor industry contained PFOS around 1,650 mg/L. Currently, a stop in
production of PFOS influenced the decrease of PFOS concentration in WWTPs, however
currently, other PFASs used in substitution are found.

Another important source in PFASs in the influents of WWTPs is domestic
wastewater. The presence of PFASs in domestic effluents is due to the cleaning of these
compounds during washing, as well as use of products containing these compounds,
such as shampoos.

In Chapter 2, fate and behaviour of PFASs in wastewater and WWTPs will be
discussed in depth, but it should be mentioned that removal rates in conventional
WWTPs are not complete. In addition, also during wastewater treatment processes the
atmospheric emmission of more volatile compounds can take place.

Some studies of the occurrence of PFASs in wastewater are summarised in Table
1.4. Becker et al. (2010) calculated the mass flow of PFOA and PFOS in a WWTP facility.
The authors found that while PFOA was fully discharged into the river, about half of
PFOS was retained in the sewage sludge, supporting the adsorption/desorption
experiment performed by Zhou et al. (2010). The lack of total removal of PFASs in
wastewater treatments has been demonstrated, and many works have reported high
concentrations of PFASs in treated effluents (Loganathan et al. 2007; Ahrens et al. 2009).

In Spain, PFASs have been studied in effluent water from different WWTPs, located
in Catalonia, by Sanchez-Avila et al. (2010). The sampling sites were located near to
surface river water, which was also investigated by the same authors. The results for
WWTP effluents showed values below 1 ng/L, with the exception of PFOS (72.1 ng/L)
and PFOA (61.9 ng/L). These results suggest that PFASs are discharged into the river
through WWTPs effluents, and then PFASs can reach the drinking water.
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1. Introduction

1.5.1.2 WWTPs-Sludge

Higgins et al. (2005) reported, for first time, the occurrence of PFASs in sediments
and sludge from a WWTP in San Francisco. This study compared the period between
1998 till 2004. Concentrations ranging from 1.2 to 2610 ng/g dw were reported, being
PFOS of the compound at higher concentrations. During recent years, some other
studies were carried out to assess PFASs in sludge (Table 1.5). PFOS is a compound
with an exceptional stability and, due to its higher partition coefficient (in comparison with
other PFASs as carboxylic acids), occurred at high concentrations in sewage sludge.
Furthermore, PFOS is the end-point of the degradation of different fluorochemicals used
in a variety of industrial applications, such as 2-(N-ethyl perfluorooctane sulphonamide)
acetic acid and 2-(N-methyl perfluorooctane sulphonamide) acetic acid, among others, as
noted in the previous sections. These compounds have been also identified, in general, in
WWTPs sludge at higher concentrations than PFOS. This could indicate that part of the
PFOS is directly generated in the degradation process of related products.
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1. Introduction

1.5.2 Surface river water and sediments
1.5.2.1 Surface river water

The presence of PFASs in surface river waters has been widely reported during
recent years (Table 1.6). Most of these data rely on the concentrations of PFOA and
PFOS. In general, concentration gradients can vary, up to several orders of magnitude,
between different areas along the same river, or lake, reflecting the proximity to industrial
sources and WWTPs. In several Japanese studies, PFOS and PFOA were found in river
samples with concentrations in the range from 0.30 to 157 ng/L for PFOS, and from 1.6 to
104 ng/L, also for PFOS and 3.8 — 311 ng/L for PFOA (Saito et al. 2003). In another
study, carried out by Sinclair et al. (2006), 51 surface river water samples from New York
State (USA) were analysed. The authors found PFOS, PFOA and PFHxS, ranging from
1.6 to 756 ng/L, 15 — 49 ng/L and 0.9 — 7.4 ng/L, respectively. In Europe, noteworthy is
the study performed by Skutlared et al. (2006) in the Ruhr River. In this study, the
occurrence of 12 PFASSs, including PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFBS and
PFOS were assessed. The results showed extremely high concentrations of some
compounds as, for example, PFOA, which was present at concentrations up to 33900
ng/L in an effluent of the Ruhr River, the Moehne River. The authors found that the main
source of contamination was located in an agricultural area near Brilon-Scharfenberg. In
addition, it was demonstrated that this source leads to the consecutive pollution of Lake
Moehn, the Ruhr River and the corresponding drinking waters. In another example in
China, Wang et al. (2010) studied the environment around a manufacturing facility. The
authors found a decreasing trend of the PFOS, PFOA and PFHXS concentrations in soils,
water, and chicken eggs, with the increased distance from the production factory. This
study indicates that the production site was the primary source of PFASs in that region.

On 31 January 2012, the Commission launched a Proposal for a DIRECTIVE OF
THE EUROPEAN PARLIAMENT AND OF THE COUNCIL amending the Directives
2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy.
In this proposal, the maximum annual average of PFOS and its derivatives in surface
waters was recommended to vary between 0.13 and 0.65 ng/L and the maximum
allowable concentration was set in the range of 7.2 and 36 pg/L (European Commission
2012).
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1.5.2.2 Sediment

There are a few works reporting concentration of PFASs in sediment samples from
the Iberian Peninsula. An example was published by Picé et al. (2011). The authors
investigated different points from I'Albufera de Valencia (Spain), assessing the presence
of PFASs between the method limit of detection (MLOD) and 10.9 ng/g, where the
highest concentrations corresponded to PFOA and PFOS. In the same study, the
presence of PFASs in surface waters was assessed, showing the distribution of these
compounds between water and sediments. The sediment—water distribution coefficient
(log Kp) was calculated for every sampling point. The authors found the log Kp in the
range 2.31-4.51 and positively correlated this with perfluoroalkyl chain length. In another
study, Gomez et al., (2011) have analysed different sediments from the Cantabrian Sea
area (at the southern edge of Bay of Biscay, Northwest of Spain). The results, in most of
the cases, were below the MLOD in sediment river samples. In another earlier work,
Alzaga et al. (2005) detected low ng/g concentrations of PFOA and PFDA in harbour
sediments. On the other hand, several studies have been carried out in other European
countries. Becker et al. (2008) reported the presence of PFOA and PFOS in the sediment
of the Roter Main River (Bayreuth, Germany). The concentrations were between 0.02 and
0.31 ng/g, being PFOS at higher amounts. Austria and France have also studied
sediment samples, finding a different profile of PFASs, but at similar concentrations as
the ones reported for Iberian Peninsula (Clara et al. 2009; Labadie et al. 2011).

The presence of these analytes has been assessed in different countries from North
America (Higgins et al. 2005; Senthil Kumar et al. 2009) and Asia (Nakata et al. 2006;
Senthilkumar et al. 2007; Bao et al. 2009; Naile et al. 2010; Bao et al. 2011; Yang et al.
2011). The distribution pattern of PFASs is similar in all the cases, with levels between
low pg/g and low ng/g, being the sulphonates at higher concentrations, in most of the
cases.

1.5.3 Biological samples

The new proposal for Directive amending the list of priority substances (European
Commission 2012), recommended the maximum annual average of PFOS and its
derivatives in surface waters was recommended as maximum concentration in biota 9.1
Ho/Kg of wet weight.

PFASs have been detected in wildlife samples collected from around the world.

Fluorinated analytes have been detected in arctic mammals, ocean-going birds, fur
seals and penguin eggs from the Antarctic Peninsula and other remote location, far from
human settlements (Kannan et al. 2001; Tao et al. 2006; Dietz et al. 2008; Sonne et al.
2008; Schiavone et al. 2009). The effects of the accumulation of PFOS, long chain
perfluoroalkyl carboxylic acids, and other POPs in Arctic top predators were studied by
Sonne et al. (2010). In this study, the presence of PFASs was related to chemical stress,
which also seemed to impair immunity and promote decreased fecundity.

38



1. Introduction

Higher concentrations of PFASs were, in general, found when biota from
industrialised areas were studied, as was expected. In this case, fish and birds are the
most commonly studied animals (Taniyasu et al. 2003; Sinclair et al. 2006; Naile et al.
2010). Fish have been the main biological matrix studied, as common for POPs, in
general, because their possible toxicological effects on humans through their
consumption. Among PFASs, PFOS is the most crucial and prominent compound.
Reports suggest no considerable differences in PFAS concentrations among fresh water
and marine fish species. PFOA is the second most frequently detected compound in fish,
but at much lower concentrations than PFOS. The difference between the concentrations
of PFOS and PFOA in fish suggests a lower potential of PFOA in bioaccumulation. This
observation was further confirmed by laboratory experiments, which revealed a 1,000-fold
lower bioconcentration factor for PFOA compared with PFOS (Martin et al. 2003; Gruber
et al. 2007). The other PFASs are, generally, detected at lower concentrations than
PFOS (Martin et al. 2003). The marine food webs have been identified as the most
representative example of PFAS biomagnification (Tomy et al. 2004; Houde et al. 2006;
Kelly et al. 2009; Butt et al. 2010).

Few publications have reported the accumulation of PFASs in bivalves. But, similarly
PFOS was the more prevalent accumulated in the aquatic invertebrates, such as shrimp,
mussels, clams and oysters (Gulkowska et al. 2006). The concentrations ranging from 1
to 6.0 ng/g (wet weight) in oysters from the Ariake Sea (Nakata et al. 2006) and China
(Gulkowska et al. 2006) were reported, respectively. Cunha et al. (2005) measured high
concentrations of PFOS in mussels from several estuaries in the North of Portugal. Nania
et al. (2009) found higher concentrations of PFOA in comparison to PFOS in clams,
although mussels were at comparable concentrations in the North area of Portugal.
These differences have been attributed to the habitats and the feeding behaviours of
these species.

1.5.4 Drinking water

In order to investigate the possible source of PFASs in drinking water, some authors
have compared the concentrations of PFASs found in catchment sites and in tap water.
This reveals that the total removal of PFASs by purification processes is not achieved
(Skutlarek et al. 2006; Loos 2007). In addition, possible degradation products generated
in the environment or during water treatment processes should be considered (Dinglasan
et al. 2004; Wang et al. 2005; Fromel et al. 2010; Lee et al. 2010). For example,
Skutlarek et al. (2006) showed extremely high concentrations of PFOA in tap water in the
zone of Ruhr area, which are in agreement with the concentrations found in
environmental surface waters and the evidence of the ineffective removal of PFASs by
water treatment steps during, in this case, bank filtration and artificial recharge. In another
example, PFOS and PFOA were measured in Lake Maggiore (Switzerland) and in
drinking water at concentrations around 9 ng/L and 3 ng/L, respectively. The analysis of
drinking water produced from the lake gave almost identical results, revealing the poor
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performance of sand filtration and chlorination applied by the local waterworks (Loos
2007).

Similar conclusions can be extracted from the work carried out by Takagi et al.
(2008), which studied the occurrence of PFASs in different waters, including raw water
and drinking water from Japan. In raw water, the results for PFOS and PFOA varied
between 0.26-22 ng/L and 5.2-92 ng/L, respectively, and in tap water similar results
were also obtained in the ranges between 0.16—-22 ng/L and 2.3-84 ng/L for PFOS and
PFOA, respectively. The authors found positive correlations between PFAS
concentrations in raw water and tap water samples, showing how the potable water
treatments were not efficient enough in removing these compounds. In addition, other
perfluoroalkylated and polyfluoroalkylated substances that, in general, are not assessed,
but are generated during the water treatment processes, should be considered
(Dinglasan et al. 2004; Wang et al. 2005; Fromel et al. 2010; Lee et al. 2010).

Regarding the occurrence of PFASs in Spanish tap water, Ericson et al. (2008b;
2009) studied the presence of these contaminants in drinking water from different areas
of Catalonia. The concentrations of PFASs were in the range of 0.02 and 69 ng/L in tap
waters, below the Provisional Health Advisories (PHA) concentration levels established
by the Environmental Protection Agency's Office of Water (EPA — OW) in 2009 (0.4 pg/L
for PFOA and 0.2 pg/L for PFOS) to protect against potential risk from exposure to these
chemicals through drinking water (USEPA 2009).

1.5.5 Human matrices

The presence of organic fluorine in humans was first reported by Taves (1968) using
RMN techniques. Later, due to the advances in analytical techniques, PFASs have been
assessed in different human matrices, such as breast milk at low ng/L (So et al. 2006b;
Tao et al. 2008; Volkel et al. 2009), saliva (Tao 2009), urine (Ylinen et al. 1985; Tao
2009), seminal plasma (Guruge et al. 2005), blood (Inoue et al. 2004; Kubwabo et al.
2004; Calafat et al. 2006a; Ericson et al. 2007; Monroy et al. 2008) and human liver
(Karrman et al. 2009). As regards to the levels of PFASs, generally PFOS is the
compound detected at higher concentrations in males, rather than in females (Yeung et
al. 2005). Calafat et al. (2006a), found different patterns of accumulation in different
ethnic groups (Calafat et al. 2006a). However, studies of workers, occupationally
exposed to perfluoroalkyl, showed that levels of both PFOA and PFOS are approximately
one order of magnitude higher than those reported in the general population (Lau et al.
2007), with mean concentrations of 5 mg/g and 1 to 2 mg/g respectively (Olsen et al.
2001). A study performed by Olsen et al. (2007) have suggested that the mean biological
half-life of PFOS, PFHxS and PFOA in human serum in retired perfluoroalkyl-exposed
workers is 5.4, 8.5 and 3.8 years, respectively.
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1.6 Ecotoxicology

Accumulation and biomagnification of PFASs have been shown to be especially
relevant in aquatic ecosystems. In the next two sections, some studies reporting the
acute and the chronic toxicity of PFASs for aquatic and some terrestrial species are
explained.

1.6.1 Acute toxicity

Different acute toxicity assays have been performed during recent years, in order to
elucidate different endpoints, such as the effective concentration to 50% of test
organisms (EC50), no-observable-effect-concentration (NOEC), lethal concentration to
50% of test organisms (LC50) and the lowest observed effect concentration (LOEC).
Table 1.7 summarises some of the available toxicity results in the published literature.
The acute toxicity of PFASs can be assumed to be negligible due to the high
concentration levels required for toxicity responses (in the range of ppm) which are much
higher than environmental concentrations.

In the case of the same acute toxicity test for PFOA and PFOS, it is noteworthy that
the effective concentration of the latter is lower than for the former, indicating more toxic
effects for PFOS. An example can be seen in Table 1.7 for Daphnia magna and Moina
macrocopa, where PFOS is approximately 10 times more toxic than PFOA in these
organisms (Ji et al. 2008). The same pattern can be observed for aquatic vertebrates
(Hagenaars et al. 2011).

On the other hand, the toxicity tested in algae species showed a distinct relationship
between hydrophobicity and toxicity of PFHxA, PFOA and PFNA (Latala et al. 2009). The
toxicity increases with the number of carbon atoms in the chain. These results are
supported by the toxicity assays performed by Hagenaars et al. (2011) in vertebrate
Zebra Danio fish with PFBA, PFOA, PFBS, PFOS and PFNA. In the case of algae,
differences can be noted in the responses, depending on the species: blue-green algae
and diatoms are more sensitive to PFASs than green algae. The authors attributed these
differences to differences in the cell wall structure (Latala et al. 2009).

Considering other toxicological effects, PFASs resulted in malformations of the tail
and of an uninflated swim bladder in Zebra Danio fish (Hagenaars et al. 2011). Another
differentiate effect is that C-8 PFASs can cause oedemas and effects on length while
head malformations were a more specific action of the sulphonated PFASs (Hagenaars
et al. 2011).
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1.6.2 Chronic toxicity

Several toxicological studies have been conducted to assess the effects of PFASSs,
and in particular PFOA and PFOS. In these studies, subchronic effects, developmental /
reproductive toxicity, and the carcinogenicity of PFASs were evaluated in different animal
species (Lau et al. 2004). Table 1.8 summarises different works reporting toxicity assays
using as test species aquatic and terrestrial organisms.

For example, the Interactome Analysis Workflow, GeneGo pathway maps and GO
processes pinpointed peroxisome proliferator-activated receptor - alpha (PPAR-a) as a
key mechanistic target for PFOA-induced toxicity in rats including: hepatotoxic effects,
steatsis development with a perturbed fatty acid homeostasis and the induction of
peroxisome proliferation (GeneGo Incorporated 2009). In another study by Cui et al.
(2010) the elimination of PFOA and PFOS in rats was studied. The experiments were
conducted after subchronic exposure by oral doses. In this study, it was shown that the
elimination in urine is faster compared with feces. It indicates that urinary excretion is the
primary body elimination route in rats. On the other hand, the higher elimination rate of
PFOA compared to PFOS through excretion indicates the lower accumulation of acids in
rats, and this could induce lower toxicities compared to PFOS (Table 1.8). In general, in
subacute and chronic studies, the liver was identified as the target organ for these two
compounds, inducing liver tumours in rats (EFSA 2008). Other works have demonstrated
interaction with thyroid hormones, high-density lipoprotein, cholesterol and triglycerides
(Lau et al. 2007; Peden-Adams et al. 2008). The studies performed in animals during
pregnancy have demonstrated that some PFASs can pass through the placental barrier.
For example, Grasty et al. (2005) studied the transplacental exposure to PFOS in
rodents. The results have shown that PFOS induced neonatal mortality and the lung
problems of born-alive pups. However, little is known about PFAS concentration levels
and potential effects on development of children.
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1. Introduction

1.7 Human exposure and bioaccumulation

The main routes of human exposure have been identified as inhalation, ingestion,
and drinking.

These compounds are bioaccumulated in organisms, which, in addition, can result in
a biomagnification factor through the food chain (Tomy et al. 2004; Kelly et al. 2009).
Once in the food chain, increased levels of PFASs in animal-derived foods will be
detected. Fish has been shown to be the main influence of PFASs in dietary exposure.
Food preparation is another source of contamination (Kantiani et al. 2010), but
preliminary data on the influence of domestic cookware on levels of PFASs in the
preparation of food indicates no elevated levels for a limited number of experiments
(Jogsten et al. 2009). Packaging may also introduce PFASs, used in greaseproof
packaging for fast foods and special packages. In these situations PFASs enter into food
via migration from food package.

In 2008 EFSA established the tolerable daily intake for PFOA and PFOS (EFSA
2008). There can be identified two different sources of food contamination:

(i) Direct environmental exposure of plants and animals
(ii) Indirect contamination by cooking, food packaging and food processes

1.7.1 Direct contamination: PFASs through diet

Fish consumption, daily products as milk, meat or vegetables were identified as main
entrances of PFASs through diet (Carabias-Martinez et al. 2005; Tittlemier et al. 2006;
EFSA 2008; Ericson et al. 2008a; Kantiani et al. 2010; Pico et al. 2010; Lacina et al.
2011). Food items can become contaminated with PFASs in a variety of ways (Tittlemier
et al. 2007; Clarke et al. 2011; Loewen et al. 2005; Kim et al. 2007):

e Bioaccumulation through the aquatic food chain

e Vegetal uptake from contaminated soil and water

* Animal uptake from contaminated pastures, feed and water
¢ Animal production inhalation

A relatively low number of studies were published regarding the analysis of PFASSs in
food samples. Fish have been the most studied matrix and, in general, the highest levels
correspond to big fish (swordfish, hake) (Pico et al. 2010). Other published works have
been focused in the study of the presence of these compounds in different food stuffs.
One example is the study of accumulation in juvenile chickens, performed by Yeung et al.
(2009a). The authors observed that PFOS and PFDA were accumulated at much higher
concentrations than PFOA and liver was the main target organ during exposure. Another
Japanese study of chicken eggs was performed by Wang et al. (2008). The authors
observed the presence of PFOS in the 100% of analysed eggs at concentration ranging
from 45 to 87 ng/g ww. Gurugue et al. (2008) carried out an investigation of PFASs in
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farm and pet animals. The researchers concluded that PFOS was present at higher
concentrations in liver samples of chicken, pig and cattle (low ng/g). A similar work, was
carried out by Ericson et al. (2008a) in Catalonia. The authors found PFOS in pork,
chicken, veal, lamb and eggs at low ng/g. Other edible market products have been
analysed by Jogsten et al. (2009). The results in veal steak, pork loin and chicken breast
(raw, grilled and fried), black pudding and other edible products from supermarkets
showed the presence of PFOS in 8 of the 20 food items analysed at levels varying
between 0.330 to <0.001 ng/g of fresh weight. In addition, PFHXA in raw veal, chicken
nuggets, frankfurter, sausages and packaged lettuce. However, it should be noted that
these concentration levels are lower than reported levels for fish, but they are a source of
PFASs in human diet and contribute to an increase in human exposure.

1.7.2 Indirect contamination

PFASs are used in grease- and water-repellent coatings for food packaging which
can be an indirect source of food contamination by cooking, food packaging and food
processes.

Tittlemeier et al. (2007) appointed food preparation as one possible source of
contamination. However, preliminary data concerning this source of PFASs through
domestic cookware during preparation of food indicated no elevated levels for a limited
number of experiments (Powley et al. 2005). As a complementary work, Del Gobbo et al.
(2008) reported that cooking decreases PFAS concentrations in fish.

Migration should also be considered, from food packaging to food due to the use of
greaseproof packaging in, for example, fast foods and other specially packaged products
(Tittlemier et al. 2007). Fluorochemical-treated paper has been tested to determine the
migration amount that occurs into food and food-simulating liquids as well as the
characteristics of the migration (Begley et al. 2005; Begley et al. 2008). Microwave
popcorn and chocolate spread were used to investigate migration. Results indicate that
fluorochemical paper additives migrate to food during actual package use.

Another indirect source that has been studied is the exposure to PFOA in a variety of
consumer products including clothing, upholstery, sealants, waxes, paints and cleaners. It
was concluded that the exposure to PFAS through these treated products is not a
significant source of contamination to the general public (Washburn et al. 2005).

1.7.3 Human accumulation and possible consequences

The presence of PFASs in human matrices has been investigated during recent
decades, because there is a wide uncertainty about the accumulation processes as well
as the acute and chronic toxicity effects. PFASs have been assessed in different human
matrices, as described in the section concerning the occurrence in human matrices.
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Regarding the presence in human blood, these analytes have been reported in adult
donors from different countries (Kubwabo et al. 2004; Calafat et al. 2007a; Calafat et al.
2007b; Ericson et al. 2007), as well as in cord blood and maternal blood because
breastfeeding and placental transfer during pregnancy are pointed to as the main
transferability routes (Inoue et al. 2004; Monroy et al. 2008; Fromme et al. 2010; Gitzkow
et al. 2011; Lien et al. 2011). The presence of PFASs in cord blood, human breast milk
and seminal plasma indicates their presence in the human reproductive system and,
consequently, in human accumulation.

A risk assessment conducted by Tittlemeier et al. (2007), through the study of dietary
exposure of Canadians to PFASs via consumption of meat, fish, fast foods and food
items prepared in their packaging, pointed to the likelihood that dietary exposure could
cause adverse human health effects. The daily exposure to PFASs from food was used
to calculate the margin of exposure (MOE) estimate. This value, compared with
toxicological reference points established in feeding studies involving non-human
primates and rodents, was 10* and 10° greater for PFOS and PFOA, respectively,
indicating that there is a difference between the toxicological effects observed and the
average Canadian’s dietary exposure (Tittlemier et al. 2007). Another study focused on
the indirect exposure of these analytes through the ingestion of chemicals, applied to
food-contact paper packaging, in rats was studied for PAPs (D'Eon et al. 2007).
Increased levels of PFOA were observed in the dosed animals, linking ingestion of PAPS
with in vivo production of perfluoroalkyl acids.

Other types of human exposure have been investigated by different authors. Stock
et al. (2010) summarise some of the obtained results. For example, PFAS-treated
consumer goods, such as carpets and apparel, accounted for an estimated exposure of
120 ng/day and daily intakes of PFASs via water, dust and air were estimated to be 0.3,
28 and 12 ng/day, respectively (Tittlemier et al. 2007). It has been observed that the
linear PFASs are correlated between human diet and blood by De Silva et al. (2006).
Although the authors found that the presence of linear isomers in human blood is the
predominant conformation for PFASS, it suggests that the organisms are more likely to be
exposed to a linear form. It could be that linear isomers are preferentially absorbed and/or
branched isomers are more readily eliminated (Loveless et al. 2006).
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1.8 Legislation

Because of their bioaccumulation (Tomy et al. 2004; Kelly et al. 2009; Jeon et al.
2010) and potential health concerns, including toxicity (Kudo et al. 2003; Newsted et al.
2005; Ji et al. 2008; Yanai et al. 2008; Bhhatarai et al. 2011), and their possible
contribution to cancer promotion, non-governmental organisations, national and
international authorities have addressed the PFASs issue and legislative actions were
proposed. One of the major fire-fighting foam manufacturers, 3M, started in 2000 the
voluntary phasing out of the production of PFOS. In Europe, the hazard assessment of
the OECD from the year 2002 identified PFOS as a PBT-chemical (persistent,
bioaccumulative and toxic).

In 2006, the EPA and the eight major PFASs producer companies (Arkema, Asahi,
BASF Corporation (successor to Ciba), Clariant, Daikin, 3M/Dyneon, DuPont, Solvay
Solexis) in the industry launched the “PFOA Stewardship Program”. The companies
committed to phasing out global facility emissions and product content of PFASs by 95%
by 2010 and to work toward eliminating emissions and product content by 2015 (USEPA
2006). During the same year, the OECD investigated production of PFSAs, PFCAs and
products or mixtures containing PFSAs and PFCAs (OECD 2006). The reported results
were lower than previous studies in 2003 with a decrease from 3000 to 175 tonnes of
PFOS and PFOS containing products manufactured and/or imported. The values are in
agreement with the phasing out of PFOS-based products by the 3M Company and the
use of related products, and certain products for which no substitutes are available (Stock
et al. 2010). PFASs are also prime candidates for chemicals that will need authorisation
within the REACH regulation (European Commission 2002).

More recently, as a result of PFOS PBT-chemical classification, it has been included
as a persistent organic pollutant (POP) under the Stockholm Convention for global
regulation of production and use (UNEP 2010). In addition, a draft proposal to integrate
PFOS in the WFD has been proposed in January 2012.

PFASs are now included in different research programs in EEUU, Canada and
Europe. The EU-VII European Research Framework Program has funded research
projects to assess the distribution, toxicity and persistence of these compounds PFASs.
On the other hand, currently, the production of shorter PFASs has increased, because of
their use in the industry as a replacement of longer PFSA and PFCA products. An
example of the used shorter PFASs is the PFBS-based products (OECD 2006).

Table 1.9 summarises some of the current World legislations.
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1.9 Temporary trends

The occurrence of PFASs in the environment, food and human is proportional with
their production and use along the years. Figure 1.7 summarises the timeline of the most
important events and regulations for PFASs and Figure 1.8 summarises the global
production and emission to the environment since the first industrial synthesis process.

The timelines show the correlation between PFAS production and emission to the
environment. It can be seen how, after PFAS regulation, the emissions to the media
decrease over the following years in Europe and in North America. It happened with
PFOS in 2000, when the maximum production of PFASs was reached and the global
production of PFOSs was estimated at 3535 metric tonnes. During the same year, 3M
Company, the major producer of C8 based PFASs, announced their phasing out. The
consequence of this phasing out was the decrease in production of approximately 20
times less than the 175 metric tonnes produced during 2001. The emission of PFASs to
the media has been estimated to be between 2610 and 5720 tonnes during the period
1951 and 2004. In 2006, after the 8 major producer companies launched the “2010/2015
PFOA Stewardship Program”, the production of these compounds decreased and, in
order to follow with the production of PFASs based products, the producers started the
substitution of longer carbon chains (C8) for shorter ones such as PFBS (Quinete et al.
2010). As a consequence of this substitution, the studies during recent years detected the
small increase in the presence of short carbon chain PFASs in water samples (Ahrens et
al. 2009; Eschauzier et al. 2010; Ullah et al. 2011). However, no clear evidence exist on
the persistence of these compounds into the media (Quinete et al. 2010).
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1938 — PTFE discovery by
Dr. Plunket

I
N

1956 — 3M begins selling

1935

1949 — DuPont introduces
Teflon® brand

N

Scotchguard® brand protector 1955
1962 — FDA approves PTFE
Teflon® brand cookware
1967 — FDA approves a Zonyl®
product for use in food
packaging \ L
1965 1968 — Taves et al., find organic
fluorine in human serum
1976 — Taves et al. tentatively
identify PFOA in pooled blood
— 1978 — 3M reports PFOA found in
1984 — PFOA found in local 1975 — blood workers
drinking water near Washington \
Works plant, WV N
r
1998 — 3M reports to EPA that
/fluorochemicals are widespread in
2000 — 3M announces the phase/ — human bank samples
out of C8 based chemistry 2000

2003 — EPA begins Enforceable
Consent Agreement (ECA)
process with manufacturers

\2002 — EPA begins review of data

linking C8 to health problems, also
publishes SNUR under TSCA

OECD indentified PFOS as a PBT-

2005 ;
chemical
2009 — PFOS and related products are
listed under Annex B of Stockholm | 2006 — EPA and 8 major companies
Convention on Persistent Organic launch 2010/2015 PFOA Stewardship
Pollutants . Program
2010
2012 — PFOS included in the WFD —— | 2010 — Target 95% reduction in
facility emissions and product content
levels relative to 2000 baseline
2015 — Work toward eliminating long- |
chain PFASs from emissions and 2015
products
v

Figure 1.7: Timeline of the most important events for PFASs. Adapted from Lindstrom et

al. (2011).
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Figure 1.8: Timeline of the temporary trends of PFAS production and emission.
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1.10 Analysis

Different drawbacks that can hamper the quantification of PFASs need to be
commented on:

+ Contamination

» Blanks availability

» Losses during storage and preservation
* Chemical standards variability and

*  Matrix effects

Contamination. A wide variety of laboratory materials are made of, or contain,
fluoropolymers such as polytetrafluoroethylene or perfluoroalkoxy compounds (Taniyasu
et al. 2005). Therefore, since the start of the analytical process, any contact with possible
sources of contamination should be avoided. In this sense, polypropylene (PP) containers
or bottles (Sinclair et al. 2006; Guo et al. 2010; Navarro et al. 2011) and high-density
polyethylene (PE) bottles (Yu et al. 2009; Hu et al. 2010; Sun et al. 2011) were
recommended for the sampling and storage of liquid samples. For solid samples, foil
containers are commonly employed (Llorca et al. 2011a). In addition, in order to remove
any trace of contaminants from containers, they need to be rinsed before their use with
deionised water and acetone (Skutlarek et al. 2006).

On the other hand, analytical instrumentation has been identified as one of the main
contamination sources. For example, in liquid chromatography-mass spectrometry (LC-
MS) systems, the contamination from solvents employed for the mobile phases, or from
instrument tubing, injection and degasser valves (commonly made of PVDF or Teflon),
have been identified as the main sources of contamination. These instrumental sources
can be assessed by the use of blank materials, and the following possibilities can be
considered, in order to decrease or avoid the contamination:

e The use of an extra chromatographic column, or filter, before the injection
valve in order to increase the retention time of the analytes from the mobile
phase tubes and degasser valves and to be able to differentiate between
PFASs from the system and the sample (Kuklenyik et al. 2004; Kuklenyik et
al. 2005; Gledhill et al. 2007)

e Blanks subtraction or

* Metalising the whole system and replacing all the instrumental system made
of PVDF, or Teflon, by polyether ether ketone (Peek) or metal tubing.

Blanks. Another important drawback in PFASs is the lack of blanks during the
analysis because of the contamination from labware and instrumentation (van Leeuwen
et al. 2009). It represents the most difficult problem to deal with, since the lowest
concentrations can be overestimated in these cases. In order to elucidate the most
outstanding method for the analysis of PFASs, different inter-laboratory studies have
been performed, as well as the most difficult analytical parts. The studies performed with
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non-complex environmental samples, fish, milk, blood and human serum showed that
there is an implicit blank contamination during blank sample analysis (Longnecker et al.
2008; Lindstrom et al. 2009; van Leeuwen et al. 2009; Keller et al. 2010). It is
recommended, in these cases, to perform, in parallel to the sample extraction, the
extraction of the method solvents as well as a known blank matrix, in order to rule out any
contamination source. Nevertheless, sometimes, it is difficult to find a matrix blank and,
up to now, there are only available serum and milk certified reference materials (NIST),
which can be used as blanks, as well as for validation purposes.

Sampling, losses and sample preservation. Losses can be produced by the
adsorption to sample containers such as glass due to the hydrophobic head (Martin et al.
2004a), or polymeric containers such as PP and PE container surfaces when short chain
PFASSs are in water solutions.

For solid samples, the losses for possible sorption to PE or PP bottles can be
assumed to be negligible (Sun et al. 2011), although the adsorption of long carbon chain
PFASs in the recipients make take place (Loveless et al. 2006; Fromel et al. 2010). In the
case of water samples stored in glass vessels, there is a considerable controversy since
the partial adsorption has been reported for high concentrations (Holm et al. 2004), but
this is not expected in real samples with a complex matrix (Karrman et al. 2006). Another
important factor is losses by volatilisation in the case of volatile compounds, such as
FTOHs and short carbon chain perfluoroalkyl substances such as PFBA. For this reason,
it is recommended to avoid headspace in sampling bottles (Liu et al. 2005).

Sample transportation is performed, in general, by keeping the sample under cool
conditions (Guo et al. 2008; Yu et al. 2009; Hu et al. 2010; Llorca et al. 2011b). During
sample storage, biodegradation, biotransformation or sample matrices alterations should
be prevented. In general, a sample is conserved in the freezer or just using combinations
of solvents, such as acetonitrile, among others (Wang et al. 2005). Once in the
laboratory, the samples should be kept in optimal conditions in order to assure their
traceability and to avoid any degradation or damage. However, it has been shown that
when pH decreases, PFASs become increasingly associated with the available protons,
and then PFASs can be more easily adsorbed into the container’s surface (Dinglasan et
al. 2004). Szostek et al. (2006) studied the stability of the volatiie FTOHs in water
preserving samples by freezing, refrigerating, solvent addition or combined with
refrigeration to preserve the samples. The authors concluded that aqueous samples can
be safely stored in the freezer in a glass vial, sealed with a septum lined with alumina foil
and no biodegradation nor biotransformation were observed under these conditions. On
the other hand, the use of biological inhibitors, such as formalin, can suppress the
analytical response of the LC-MS system during the analysis, being not requested for the
preservation of most PFASSs, due to their biological stablility (Schultz et al. 2006a).

In the case of solid matrices, drying procedures are usually applied. There are
different drying processes which have been applied for PFAS analysis, including air-
drying at room temperature until a constant weight is reached (Sinclair et al. 2006; Li et
al. 2010), using soft temperature (40 °C) along 3 — 4 days in porcelain bowls or PP
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containers (Navarro et al. 2011; Sun et al. 2011), or in an oven at 103 °C overnight (Guo
et al. 2008). Other, more specific procedures, consist of direct freezing (- 20 °C) prior to
any treatment, in order to perform the lyophilisation (Guo et al. 2008; Llorca et al. 2011a)
or previous centrifugation to remove supernatant in sediment and soil samples (Bossi et
al. 2008) and lyophilisation (Yu et al. 2009). Then, the samples are homogenised and
kept frozen until analysis in PP containers (Sinclair et al. 2006; Llorca et al. 2011a) or
high density PE bottles (Yu et al. 2009; Sun et al. 2011).

Standards purity. Standards purity represents a problem, since there are a variety
of available PFASs suppliers, which have different purities and isomeric composition. The
differences in isomeric composition can drive to a non-optimal quantification of the
PFASSs, because the percentage of branched and linear isomers, in sample and standard,
is not necessarily the same. For example, there are different branched isomers of the
linear PFHxS and PFOS, as well as PFOA in blood or breast milk samples, and
misbehaviour has been observed during quantification in different interlaboratories
(Lindstrom et al. 2009; Keller et al. 2010). It is necessary to use a high purity standard,
linear or branched, depending on the chosen analyte, in order to perform a complete
identification. On the other hand, different interlaboratories regard the necessity to unify
quantification methods, in order to generate comparable and usefull data between
laboratories (Lindstrom et al. 2009; van Leeuwen et al. 2009; Keller et al. 2010).

Matrix effects. Due to the matrix complexity, sometimes it is necessary to perform an
extra cleaning step during sample treatment in order to avoid, or at least decrease, any
undesirable matrix effect. The most common matrix effect known in LC-MS/MS analysis
is ion suppression, or ion enhancement, when electrospray ionisation source (ESI) is
used as an interface during sample ionisation. Depending on the matrix type, an ion
suppression (or ion enhancement) can be observed, due to the facility (or difficulty) of the
sample to be ionised in front of the PFASs (Zhang et al. 2010). The use of labelled
internal standards, added to the sample just before the analytical approach, can be useful
in terms of signal normalisation and it can decrease the matrix effect (van Leeuwen et al.
2009). However, the most important factor for reducing matrix effect is the clean-up
process (van Leeuwen et al. 2009). An example of ion enhancement has been observed
during the analysis of PFOS in biological matrices, due to an interference in the MS
transition 499 > 80 in with the taurodeoxycholic bile acid (TDCA) (Hansen et al. 2001,
Benskin et al. 2007; Keller et al. 2010). In order to discriminate between both analytes, it
is important to monitor two different MS transitions when the chromatographic separation
with C18 based columns does not enable separation between compounds. However,
these separations can be achieved by many chromatographic columns available on the
market, such as pentafluorophenyl (PFP) columns for reversed phase chromatography.

1.10.1 Sample treatments
Sample treatment aims to extract the analyte from the matrix, to enrich the analyte of

interest, as well as to reduce the matrix effect by purifying the extracted sample. Different
strategies are commonly used, depending on the matrix type: solid, liquid or gaseous
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phase (Figure 1.9). This section will summarise most common strategies for sample pre-
treatment in the analysis of PFASSs.

1.10.1.1 Solid and biological matrices

Main sample preparation and extraction procedures for the analysis of PFASs in solid
matrices have been based on solid-liquid extraction.

Sample treatment is usually applied for complex matrices such as food, sludge or
sediments in order to avoid or decrease matrix effects. It is important to assure no
alteration of the composition of PFASs by hydrolysis or other possible processes. For
example, the hydrolysis of fluorotelomer compounds to fluorotelomer alcohol can take
place during the solvent extraction from soils, as reported by Dasu et al. (2010).

lonic-pair extraction. This method by Ylinen et al. (1985), was employed for the first
time for the extraction PFOA from plasma and urine. The procedure employs tetrabutyl
amonium (TBA) as counter ions, and it was used in combination with gas
chromatography (GC) coupled to flame ionisation detection (FID). Later on, Hansen et al.
(2001) adapted this procedure in order to make it amenable for liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS). The approach developed by Hansen
et al. is based on the use of methyl tertiary butyl ether (MTBE) and a filtration step was
incorporated in order to remove solids in suspension. The ion pair extraction procedure
has been the basis of several procedures for the analysis of biota samples (Giesy et al.
2001; Van De Vijver et al. 2003; Yeung et al. 2009), food samples (Taniyasu et al. 2003;
Yeung et al. 2009), as well as in soils and sediments (D'Eon et al. 2009a; Ellington et al.
2009; Zhang et al. 2010). However, main limitations are: i) the co-extraction of lipids and
other matrix constituents and the absence of a clean-up step to overcome the effects of
matrix compounds and (ii) the wide variety of recoveries observed, typically ranging from
<50% to >200%.
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Figure 1.9: Scheme of the extraction methods used for the analysis of PFASs.

Scheme adapted from van Leewen et al. (2007) and Picé et al. (2010).

List of acronyms: liquid solid extraction (LSE), pressurised liquid extraction (PLE), solid
phase extraction (SPE), liquid-liquid extraction (LLE), resin based SPE (XAD),
polyurethane foam plugs SPE (PUF).
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Solid-liquid extraction. This is the most commonly used methodology for the
extraction of non-volatile PFASs from solid matrices, due to the facility and simplicity of
the extraction and the solvents required. However, this method is suitable for not too
complex solids. For the analysis of soils and sediments, Powley et al. (2005) performed a
methanol or acetonitrile extraction with a shaker. Bossi et al. (2008) used a similar
approach based on ultrasound assisted extraction (UAE) with temperatures between 40 —
60 °C along 20 — 30 min (Bossi et al. 2008; Rhoads et al. 2008; Li et al. 2010; Navarro et
al. 2011; Sun et al. 2011). Liu et al. (2010) also carried out a solvent extraction, assisted
by an ultrasonic bath at 50 °C for 2 — 7 days, depending on the target compounds.

For biological matrices, the ultrasonic extraction using mixtures of hexane and
acetone or pure methanol has been commonly employed. The same solvent mixtures
have also been employed for the extraction of PFASs from biological matrices by stirring.
In these cases, the milled samples are covered by the solvent and stirred at room
temperature for a few minutes, followed by a clean-up step, in general with anionic
exchange SPE (Lau et al. 2004; Newsted et al. 2005; Guruge et al. 2008; Fromme et al.
2009; Haug et al. 2009). In general, the extraction is followed by a clean-up step using
sodium sulphate and acidic attack in order to remove the lipid content and the extracts
are passed through a silica gel column (Tittlemier et al. 2007; 2011).

During recent years, the use of techniques based on pressurised liquid extraction
(PLE) for soil, sediments and biological samples has been increased (Schréder 2003;
Carabias-Martinez et al. 2005; Bjorklund et al. 2006; Kunacheva et al. 2011). The use of
PLE instead of Soxhlet or hot vapour extraction allows decreasing the extraction time due
to the use of high pressure. The most frequent solvent extractor for PFASs is pure
methanol. However, after this first extraction a clean-up process is necessary in order to
eliminate or decrease the matrix interferences (Zhang et al. 2010). The clean-up it is
carried out by SPE or dispersed extraction. This methodology allows limits of detection in
the range of pg/g and low ng/g with good recovery yields.

Solid-acidic liquid extraction. Acid liquid extraction is widely applied, and the
current methodologies are based on the procedure presented by Higgins et al. (2005). In
general, the method is based on ultrasonic extraction using formic acid or acetic acid as
extracting solvent. After the digestion step, the mixture is centrifuged and the supernatant
is collected. Then, the whole procedure is repeated once or twice. In general, the
combined extracts need an extra clean-up step, which is performed generally using SPE
and filtration (Loganathan et al. 2007; Guo et al. 2008; Yu 2009). In the case of some
biological matrices such as blood, the supernatant is directly analysed after protein
precipitation in acidic conditions and centrifugation (Calafat et al. 2007; Lien et al. 2011).
The use of this procedure allows achieving recovery rates of between 40 and 119% and
confers better analytical parameters than those obtained by ionic-pair extraction.

Solid-alkaline liquid extraction. This procedure is based on the use of alkaline
methanol (with sodium hydroxide or ammonium hydroxide) as extracting solvent. This
methodology has been used for the analysis of acids, sulphates and fluorinated
sulphonamide compounds in foodstuffs and biological matrices by different authors.
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Sometimes a neutralisation step could be required after alkaline treatment (Yoo et al.
2009; Ma et al. 2010). Several authors have used alkaline digestion for protein
precipitation and extraction of PFASs from fish (So et al. 2006; Naile et al. 2010), or
different foodstuffs such as vegetables, milk-based dairy products, bread, jam, different
meats and fish (Haug et al. 2010) and raw and cooked meats (Jogsten et al. 2009). As a
last clean-up step, anionic exchange SPE or dispersed solvent (EnviCarb) are commonly
used. The alkaline extraction permitted better recoveries than solid-liquid extraction and,
in general, better sensitivity is achieved.

Examples of the different extraction procedures are summarised in Table 1.10.
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1.10.1.2 Water matrices

SPE is the technique of choice for the clean-up step in the analytical procedures used
for the analysis of PFAS in water. SPE is performed, in general, after a previous filtration
step to separate solids from the liquid phase as indicated in Figure 1.9 (Saito et al. 2003;
Schultz et al. 2006a, 2006b). However, the filtration step can result in analyte losses, due
to the adsorption of PFASs on the filters or, the contamination of the samples from the
filters. Schultz et al. (2006a, 2006b) observed different losses when nylon, cellulose
acetate, and polyethersulphone filters were employed. An alternative method presented
by these authors is the centrifugation to separate the liquid from the solids.

Solid phase extraction has been carried out using both off-line and on-line
methodologies.

Off-line methods. Different extraction SPE cartridges have been explored according
to the different polarities of PFASs. Broadly, good recoveries were reported using anionic
exchange cartridges, such as Oasis WAX-SPE (Weak Anion-eXchange). Oasis WAX-
SPE cartridges have shown good recoveries, including with short-chain compounds
(between four and six carbons), and have been applied in many monitoring studies
(Taniyasu et al. 2005; Ericson et al. 2008; D'Eon et al. 2009b; Ericson et al. 2009; Llorca
et al. 2011). For longer chains PFASSs, less polar phases have been used such as C18
and Oasis HLB (Hydrophilic-lipophilic-balanced) (Takazawa et al. 2009; Sanchez-Avila et
al. 2010; Gomez et al. 2011). When an ion-pairing agent is used for decreasing the
polarity of the ion pair complex, a non-polar solvent such as MTBE is usually selected.
Non-ionic PFASs may be extracted from the matrix by the non-polar media (C18 SPE as
has been described before or hexane). Moderate polar media (Oasis HLB and OasisWAX
SPE, a hexane—acetone mixture or acetonitrile) have also been applied for extraction of
non-ionic PFASs. However, one of the critical points in PFASs analysis is background
contamination in the analytical blanks (Taniyasu et al. 2003; Villagrasa et al. 2006; Suja
et al. 2009).

On-line methods. During recent years, the development of on-line methodologies
have increased, due to their advantages, such as the reduction of the sample
manipulation, the increase of the analytical robustness, and the reduction of the time of
analysis. Nevertheless, these approaches are slowly implemented, in spite of their
excellent analytical performance characteristics for routine analysis. Different on-line
approaches are available but, on-line solid phase extraction and turbulent flow
chromatography will be highlighted.

. On-line solid phase extraction. This method coupled to LC-MS/MS has been
employed for the pre-concentration and extraction of PFASs from water
samples (Wilson et al. 2007; Gosetti et al. 2010). The columns used include
Kromasil C18 and a Poros HQ column. However, due to the low sample
required for on-line approaches, as well as the increase of the robustness for
the low sample manipulation, this method has also been used in the analysis

66



1. Introduction

of biological matrices such as blood and milk by different authors (Kuklenyik
et al. 2005; Apelberg et al. 2007; Calafat et al. 2007; Wilson et al. 2007;
Haug et al. 2009).

. Turbulent flow chromatography. The main difference with the SPE is that
they employ a laminar flow instead of the turbulent flow. The turbulent flow
allows generating turbulence inside the extraction column working at high
flows (1.5 — 3.0 mL/min). This turbulent flow uses stationary phase columns
with a poor size > 5 pm, allowing a good removal of high molecular weight
compounds such as proteins, whereas the small molecules are trapped by
the column pores, being a mixed mechanism of sorption and size exclusion
chromatography. The retention of the analytes in activated pore sites is due
to the difference between diffusion of large and small compounds. This
technique has been used in the analysis of water samples (Takino et al.
2003) although it is more suitable for biological matrices with high matrix
effect, such as urine or hair (Perez et al. 2012). Other important factors to
take into consideration are the small sample volumes required (between 10
and 20 pL), since this is an extraction methodology and not a concentration
method. Finally, it should be mentioned that the reuse of the turbulent flow
columns is for up to 500 extractions.

Examples of the different extraction procedures are summarised in Table 1.11,
and detailed and more specific information is given in the different chapters of this
Thesis.
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Table 1.11: sample pre-treatments for water matrices and last clean-up step for some
biological matrices from different published works

Matrices

Pre-treatment

Reference

Off-line

Surface river
water, deep
water,
precipitation
water

1) Sample + surrogate internal standard
i)
2) Filtration (glass microfibre membrane 0.7 pm)
2) anionic exchange SPE
3) Evaporated under N,
4) Reconstituted in initial conditions of mobile phase and
internal standard addition
i)
2) SPE by Oasis HLB , or other C18
3) Extract reduced to dryness under N,
4) Reconstitution in initial conditions of mobile phase and
filtered (0.2 pm)
iii)
2) XAD resins

i) (Pico et al. 2011)

ii) (Scott et al. 2006;
Konwick et al. 2008;
Eschauzier et al. 2010;
Sanchez-Avila et al. 2010;
Gomez et al. 2011)

iii) (Scott et al. 2006)

Drinking water

1) Sample + surrogate internal standard

2) SPE with different stationary phases

3) Extract reduced to dryness under N,

4) Reconstitution in initial conditions of mobile and internal
standard addition

On-line

Water

1) Sample + surrogate internal standard

2) Filtration
i)

3) Kromasil C18 or Poros HQ as SPE extraction columns
i)

3) Turbulent flow chromatography by C18 column

i) (Wilson et al. 2007;
Gosetti et al. 2010)

ii) (Takino et al. 2003)

Blood, serum
and other
biological
matrices
clean-up after
SLE extraction

1) Sample extraction by SLE
i)

2) on-line SPE with C18 based columns
i)

2) Turbulent flow chromatography clean-up with C18 based

columns

i) (Kuklenyik et al. 2005;
Apelberg et al. 2007;
Calafat et al. 2007; Wilson
et al. 2007; Haug et al.
2009)

ii) (Perez et al. 2012)

List of acronyms in order of appearance: solid phase extraction (SPE), Hydrophilic-

lipophilic-balanced (HLB), resin-based SPE (XAD), solid-liquid extraction (SLE)

1.10.2 Instrumental analysis

The first analytical method for the analysis of organic fluorine in serum samples was

based on the use of Nuclear Magnetic Resonance (NMR) (Taves 1968). Later, GC
coupled to different detectors such as a microwave plasma detector for PFOS (Hagen et
al. 1981) or mass spectrometers (Pankow et al. 1998) were also employed. In addition,
different analytical techniques have been applied as complementary techniques, such as
NMR for the analysis of fluorinated compounds in water analysis (Moody et al. 2001), the
Electron Spin Resonance (ESR) in the study of different cellular medias with fluorinated
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compounds (Romanelli et al. 1994), or the total fluorine analysis of water and blood by
combustion ion chromatography (Miyake et al. 2007a; Miyake et al. 2007b). However,
due to the physicochemical nature of PFASs the technique is more employed for the
separation of this analytes is liquid chromatography, used in general coupled with mass
spectrometry.

1.10.2.1 Separation

GC-MS was widely used for the analysis of volatile and short carbon chain PFASS,
such as trifluoroacetic acid, perfluorobutanoic acid (PFBA) (Martin et al. 2002; Alzaga et
al. 2004; Scott et al. 2006; Ellington et al. 2009). Different examples are summarised in
Table 1.12. But, nowadays LC coupled to different MS detectors is the technique of
choice, since this can be applied for non-volatile compounds, due to its high sensitivity,
robustness and accuracy. LC separation has been mainly carried out with reversed
phase (RP) C18 and C8 columns. RP columns with shorter alkyl chain bonded phases
(e.g., C8, C6, phenyl, phenylhexyl) have been used in the separation of branch isomers
for other analytes, but they are not commonly employed in routine analysis. It is more
common to use C18 columns, where the discrimination between isomers can be
achieved by increasing the LC column temperature to 35 °C or 40 °C (Kuklenyik et al.
2004; Calafat et al. 2006a; Calafat et al. 2006b). However, the use of C18 columns
presents a chromatographic problem with short PFASs, such as trifluoroacetic acid,
perfluoropropyl acid or perfluoroethyl sulphonates. These compounds are not easily
retained in the column and can be eluted with the died volume or, if they are retained,
present broad peaks and are not adequately resolved, as has been reported by Taniyasu
et al. (2008). The authors explored the chromatographic properties and separation of
short-chain PFSAs on RP-C18 and ion-exchange columns. The results showed that RP
columns are not suitable for the analysis of short-chain PFSAs, especially trifluoroacetic
acid. As a proper alternative, ion-exchange columns have superior retention properties
for more hydrophilic substances enabling the analysis of short-chain. Another possibility
for increasing the retention of shorter PFASs in RP-C18 columns is the use of an ionic
pair between mobile phase and the most hydrophilic fluorinated compounds.
Nevertheless, this latter technique is not applied, due to the problems associated with the
use of some ionic pair reagents, which usually are trifluoroacetic acid,
heptafluorobutanoic acid or perfluoroheptanoic acid. It could drive to an overestimation
during the quantification, as well as ion suppression if the LC is coupled to a mass
spectrometer analyser (Gustavsson et al. 2001).

Using RP chromatography the mobile phases most commonly employed are water
and methanol, acetonitrile or a combination of both as organic phase (Table 1.12). In
order to increase the chromatographic peak resolution, as well as, to improve the
efficiency of the analyte ionisation in the ionisation source some modifiers are used to
increase the conductivity of the solvent phase. The most common modifier employed is
ammonium acetate at concentrations between 2 and 20 mM. The injected volume in the
LC systems is, in general, between 10 and 20 pL.
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Table 1.12: examples of the instrumental separation, based on gas and liquid
chromatography, for some of the most studied PFASs

Analytes Instrumental Separation Analyzer Reference s
Gas chromatography
GC
« Injection volume: 1 pL MS(Q
Sulphonamides, + Column: feati . (Martin et al.
FTOH 30m DB-Wax column N C':‘I’::gt;’glsoume' 2002)
(0.25 mm id., 250.-pm film thickness) « MS mode: SIM
« Carrier gas: Helium
GC
« Injection volume: 1 pL
oo " MS (@
PFCA anilides -, oMM (Scott et al.
ZB-5 Zebron fused silica capillary column . MS mode: SIM 2006)
(30 m x 0.25 mm i.d.) '
« Carrier gas: Helium
GC
MS
« Injection volume: 1 pL @
+ Column: « |onisation source: Elli
FTOH Restek Rtx-1701 capillary column, - (Bllington et
) . ) El, NCl and PCI al. 2009)
40m x 0.25mm I.D., 0.25um film thickness with a .« MS mode: SIM
10-m deactivated Integra-Guard guard column '
« Carrier gas: Helium
GC
« Injection volume: 1 pL MS(Q
* Column: « |onisation source: | |
PFCAs 60m x 0.25mm i.d. (cyanopropylphenyl- NCI ' %éj?a etal.
methylpolysiloxane, 1.4 um film thickness) ZB- . MS mode: SIM
624 column
« Carrier gas: Helium
Liquid Chromatography
PFHXxS, PFOS
' ' MS/MS
PFDS, PFOA, N- HPLC Q1Q)
Ethylfluorosulph ~ * Injection volume: 10 pL L ]
onils ¢ Column: Multospher 100 RP 5-5 (C8, 5 um * lonisation source:
‘ n: P (C8, 5 pm, ESIOrAPCIin  (Schroder
perfluorosulphon spherical; 250 x 4.6 mm 1.D.) or using a PF-C8 .
i ' ) ) positive and 2003)
amidos, and column (150 x 4.6 mm 1.D.) filled with spherical negative mode
metabolites of perfluorinated RP-C8 material (5 pm) .
rtlv fluorinated ¢ MS mode: SRM
partly uorinated o popjle phase: MeOH:water
alkylethoxylates
HPLC
Perfluorosulphon < Injection volume: 12 L
amides, PFHxS, « Column: MS/MS(Q9Q)
PFOS, PFPeA, Betasil C8 column (3 x 50 mm, Klenvik
PFHXA, PFHpA, 5 pm), preceded by a Betasil C8 « lonisation source: ;TUZO%%I et
PFOA, PFNA, precolumn (3 x 10 mm), heated at 40 °C for TIS '
PFDA, PFUNA, branched isomers separation ¢ MS mode: SRM
PFDoA * Mobile Phase:

water (20mM NHJAc, pH 4): MeOH
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(Table 1.12)
PFHxXS, PFOS,
HPLC
PFDS, FOSAA, MS/MS(QqQ )
N-MeFOSAA, N- * Injection volume: 20 pL
. feati . (Higgins et al.
EtFOSAA, ¢ Column: 40mm x 2.1 mm TargaSprite C18 (5  * lonisation source: 2005)
PFOA, PFNA, um pore size) and C18 guard column ESI
PFDA, PFUNA, o \iohile phase: water (2mM NH4Ac):MeOH * MS mode: SRM
PFDoA, PFTeA
HPLC
* Injection volume: 100-200 pL
MS/MS(QqQ )
PFHXA, PFHpA * Column: Zorbax Rx-C8 (15 cm x 2.1 mm I.D, 5
PFOA, PFNA, um) analytical Column and I__una C18(2) Becmx lonisation source:  (Powley et al.
PFDA, PFUNA, 4.6 mm |.D, 3 ym) |nser‘.(e.d in the HPLC ESI 2005)
PEDOA. PETeA between the pump and injector to delay any « MS mode: SRM
' fluorochemicals originating from PTFE '
instrument components
* Mobile phase: Acetonitrile (0.15% AcH)
PFBS, PFHxS
' ' MS/MS
PFOS, FOSA, HPLC (QuQ)
PFOA, PFNA, * Injection volume: 10 pyL lonisat
« lonisation source: i i
PFDA, PFUdA, e Column: Keystone Betasil C18 (50 x 2 mm; 5 ES| (Z%gg;alr etal
PFDoA, PFTeA, um)
PEHXDA ¢ MS mode: SRM
XDA, * Mobile Phase: water (2 mM NH4Ac):MeOH
PFODA
HPLC
PEBA. PEPeA « Injection volume: 10 L MS/MS(QqLIT)
) ' « Column:
EESXAYPT:FB:F’AY C8 Phenomenex guard column « lonisation source: (230(6(2; etal.
PFOS’ ' C8 Luna (3 ym, C8, 50 x 2 mm) ESI
* Mobile Phase: ¢ MS mode: SRM
water (10mM NH,Ac): MeOH (10mM NH,AC)
HPLC
 Injection volume: 50 pL MS/MS(QQ )
PFBA, PFPeA, « Column:
PFHxA, PFHpA, NUCLEODUR SPHINX-RP « lonisation source: (Skutlarek et
PFOA, PFBS, (2.0 x 150 mm, 3 ym) ESI al. 2006)
PFOS * Mobile Phase: ¢ MS mode: SRM
water/ MeOH, 75/25 (10mM NH,Ac):
acetonitrile/ MeOH, 75/25 (10mM NHJAc)
PFHxS, PFOS e MS/MS(Q4Q )
’ ’ * Injection volume: 10 pL « lonisation source:
FOSA PFOA+ Column: Keystone Betasil C18 (50 x 2 mm; 5 ESl (Loganathan
PFNA, PFDA, olumn: Keystone betasl (50 x 2 mm; , et al. 2007)
PFUNA, PFDoA  HM) * MS mode: SRM
* Mobile Phase: water (2 MM NH,Ac):MeOH
HPLC
« Injection volume: 3 pL MS/MS(QqQ )
PFOA, PFNA, C:)Iumn' 2 « |onisation source: ® ok et
PFOS, PFDA, . : o ESI onwick e
PFUNA, FOSA C18 column (5 ym particle size, 50 x 2.1 mm) . MS mode: SRM al. 2008)

* Mobile Phase:
water : MeOH
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(table 1.12)
HPLC MS/MS(QQTOF)
Injection volume: 10 yL . izati .
PFOA, PFOS . lonization source:  (Guo et al.
® Column: C18 reversed phase ESI 2008)
* Mobile phase: water (NH,Ac 5 mM):MeOH * MS mode: SRM
HPLC
PFOA, PFNA, * Injection volume: 20 L M?/MS(?qQ)
« lonisation source: i
PFDA, PFUNA, e Column: C18 Betasil column (2.1x50 mm) (Bossi et al.
PFOS, FOSA ESI 2008)
' * Mobile phase: « MS mode: SRM
Water (2 mM NH4Ac):MeOH(2 mM NH4AC)
N-EtFOSE, N-
EtFOSAA, HPLC
FOSAA, FOSA, Injection volume: 30 yL MS/M_S(QQQ)
N-EtFOSA, ) . . ¢ lonisation source: (Rhoads et al.
PFOSI Column: Targa Sprite C18 (5-ym pore size ESI 2008)

(perfluorooctane
sulfinate), PFOA,
PFOS

equipped with a C18 guard column
* Mobile phase: water (2 mM NH4Ac):MeOH

¢« MS mode: SRM

PFHXA, PFOA,
PFNA, PFOs,  HPLC MS (Q)
PFBS, PSUNA, * lonisation source:  (Saez et al.
FOSA, 6:2 FTS, * Mobile phase: water (5 MM NH,Ac):MeOH ESI 2008)
6:2FTOH, 8:2 o FTOHSs detected as acetate adducts * MS mode: SIM
FTOH

HPLC

* Injection volume: 10 uL MS/MS(QqQ )
PEOA. PEOS * Column: Zobax Extend C18 (150 x 2.1 mm ;5 * lonisation source:  (Yu et al.

' um) and guard column XDB-C8 (2.1 mm i.d. x ESI 2009)
2.5 mm; 5 ym) at 30°C ¢« MS mode: SRM

* Mobile phase: water (2 mM NH4Ac):MeOH

HPLC

« Injection volume: no data

MS/MS

PFOA, PFNA, « Column: Gemini C18 (50 mm x 4.6 mm, 3 ym) . (QqQ) .
PFDA, PFUNA, 4 Ascentis E C18 (50 mm x 4.6 * lonisation source:  (Eon et al.
PFOS, 4:2, 6:2, ‘;‘”7 w:)ce” is Express C18 (50 mm x 4.6 mm, ES 2009)
8:2, 10:2 diPAP _ ¢ MS mode: SRM

* Mobile Phase: mode

water(10mM NH,Ac):MeOH(10mM NH4AC)
PFHxA, PFHpA, YPLC
PFOA, PFNA, * Injection volume: 20 pL MS/MS(QqQ)
PFDA, PFUdA, e Column: Waters BEH C18 (100 x 2.1 mm; 2.1  * lonisation source: (Yoo et al.
PFDOA, PFTIA, um) at 35°C and a Waters BEH C18 trapping ESI 2009)

PFTeA, PFHXS,
PFOS

cartridge
* Mobile phase: water:Acetonitrile (pH4, AcH)

¢« MS mode: SRM

PFBS, PFHXS,
PFOS, PFPeA,
PFHXA, PFHpA,
PFOA, PFNA,
PFDA, PFUNA,
PFDOA

HPLC
* Injection volume: 10 pL

* Column: Agilent Eclipse XDB-C18 (2.1 x 100
mm; 5 ym) at 40°C

* Mobile phase: water (5 mM NH4Ac):acetonitrile

MS/MS(QaQ)

« lonisation source:

ESI
¢« MS mode: SRM

(Shivakoti et
al. 2010)
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(table 1.12)
TFA, PFPrA, HPLC
PFBA, PFPeA, * Injection volume: 10 pL
PFHXA, PFHpA, . ] . MS/MS(QqQ )
PFOA, PFNA, Column: Hyper5|_| Gold C18 (150 mm x 2.1 « lonisation source: .
PFDA, PFUNA, mm; 3 um pore size) at 30 °C ES (Li et al. 2010)
PFDoA, PFTeA, * Mobile phase: water (2 mM NHsAC) : MeOH. « MS mode: SRM
PFBS, PFHXS, HPLC tubing made up of PTFE replaced with
PFOS PEEK tubing
PFBS, PFHXS,
PFHpS, PFOS,
PFDS, PFBA,  UPLC
PFPeA, PFHxA, * Injection volume: 10 uL MS/MS(QqQ )
PFHpA, PFOA, e Column: Wgters _BEH C18 (50 mm x 2.1 mm; . lonisation source:  (Ma et al.
PFNA, PFDA, 1.7 um particle size).
PFUNA, PFDoA ; ESI 2010)
’ ' * Mobile phase: water/MeOH (2 mM NH,AC, « MS mode: SRM
PFTrA, PFTeA, 95/5) : MeOH (2 mM NH,ACc).UPLC system
FOSA, N- were replaced by PEEK
MeFOSA, N-
EtFOSA
PFBS, PFHXxS, HPLC
PFHpS, PFOS, Injection: 10 pL MS/MS(QqQ )
PFDS, PFHXA, . Col ] ] ¢ MS mode: SRM (Guo et al.
PFHpA, PFOA, olumn: Betasil C18 (100 x 2.1 mm, 5 ym) and lonisation source: 2010)
PFNA, PFDA, guard column 12.5 x 2.1 mm Narrow Bore C18 ESI
PFUnA, PFDoA * Mobile phase: water (NHsAc 2 mM):MeOH
PFPeA, PHXA,
PFHpA, PFOA,
PFNA, PFDoA, HPLC MS/MS
PFTeA, 6:2 . Ionise(l(t?gr?s)ource:
FTUCA, 8:2 * Injection volume: 20 pL ESI
FTUCA, PFBS, (Zhang et al.
PFHxS, PFOS, o Colu.mn: 70mmx2mmx3um Nucleodur C18 . M.S modle.: SRM 2010)
FOSA, n- gravity with collision
MeFOSA, n- * Mobile Phases: 2.5 mM NH,Ac MeOH:Water induced
EtFOSA, n- (95:5) and 2.5 mM NH,Ac Water:MeOH (95:5) fragmentation
MeFOSAA, n-
EtFOSAA
HPLC
PFBS, PFPA, « Injection volume: 20 yL
PFHxXA, PFHpA, + Column: MS/MS(QaQ ) (Pico et al
PFOA, PFENA, ip- LiChroCARTLiChrospher ¢ lonisation source: ESI 2011) ’
PFNA, PFOS, 100 RP-18 ( 2504 mm; 5 ym) *« MS mode: SRM
PFDA, PFDS * Mobile Phase:
water(20mM NH.Ac): MeOH (20mM NH,AC)
UPLC
« Injection volume: no data
* Column: (Sanchez-
PFOS, PFOA, Acquity UPLC BEH Cyg column (1.7 um particle MS/MS(QqQ ) Avila et al.
PFNA, PFHXS, size, 50 x 2.1 mm) before injection ¢ lonisation source: ESI  2010;
PFBS LiChroCART HPLC RP-18e column (125 x 2 x5 « MS mode: SRM Goémez et
um) al. 2011)

* Mobile Phase:
water(2mM NH4Ac):Acetonitrile
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PFBS, PFHXS,

PFHps, PFOs,  HPLC

PFDS, PFBA, * Injection volume: 20 pL

MS/MS(QQ )
« |onisation source: ESI

PFPeA, PFHXA, + Column: Nucleodur C18 gravity column (70mm |\ o - con (Sun et al.
PFHpA, PFOA, x 2 mm; 3 ym) . N 2011)
PENA. PFDA ' with collision induced

’ ' * Mobile phase: 2.5 mM NH,Ac MeOH:water fragmentation
PFUNA, PFDoA, (95:5) and 2.5 mM NH,Ac water:MeOH (95:5)
PFTrA, PFTeA

HPLC

PFPeA, PFHXA, o |pjection volume: 10 pL MSIMS(QIQ) ( o
PFHpA, PFOA, . o . q Kunache
PENA, PFDA, i(:#r;]r;rggllent Eclipse XDB-C18 (2.1 x 100 « lonisation source: ESI  va et al.

PFUNA, PFDOoA, ¢« MS mode: SRM 2011)
PFHxS, PFOS * Mobile phase:
¢ water (5 mM NH,Ac) : acetonitrile

PFBS, PFHXS,

PFOs, PFBA,  HPLC

PFPeA, PFHxA, * Injection volume: 20 uL MS/MS(QqQ ) (Navarro
PFHpA, PFOA, + Column: Varian Polaris C18 analytical column | . "0 el atal
PFNA, PFDA, (50 mm x 2.0 mm; 3 pm particle diameter) at | \io L ooy 201i)
FOSA, N- 40°C ’

MeFOSA,

* Mobile phase: water (2 mM NH4Ac) : MeOH
NEtFOSA

List of acronyms in order of appearance: gas chromatography (GC), mass spectrometry
(MS), quadrupole (Q), negative chemical ionization (NCI), positive chemical ionisation
(PCI), selected ion monitoring (SIM), electon impact (El), liquid chromatography (LC),
methanol (MeOH), electrospray ionisation (ESI), atmospheric pressure chemical
ionization (APCI), selected reaction monitoring (SRM), triple quadrupole (QgQ), turbo ion
spray (TIS), high performance liquid chromatography (HPLC), acetic acid (AcH), hybrid
quadrupole-linear ion trap (QqLIT), hybrid quadrupole-time of flight (QQTOF),
polytetrafluoroethylene (PTFE), polyether ether ketone (PEEK), ultra performance liquid
chromatography (UPLC)
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1.10.2.2 Interfaces: ionisation sources

The main pre-requisite for analysing ions by MS is the successful converting neutral
compounds into molecular ions or ionised fragments in the gaseous state in the ion
source. An ideal source for mass-spectrometric analysis should provide high ionisation
efficiency, high stability with minimum kinetic energy distribution and minimum angular
dispersion of the ions. On the other side, when molecular ion is of interest, the ion
sources should produce intact molecular ions, fragments for structural information and it
should be possible to couple it with various chromatographs (Cooks et al., 1997).

The most commonly coupled technique is LC where the interface between LC and
MS is electrospray ionisation (ESI), used in negative ionisation mode, due to its
characteristics. However, atmospheric-pressure chemical ionisation (APCI) and ESI in
positive mode have been employed for specific PFASs analysis (Table 1.12).
Nevertheless, GC is also applied for the analysis of volatile and semi-volatile PFASs such
as FTOHs and the most commonly used interface is negative chemical ionisation (NCI) or
electron impact (El) (Table 1.12).

The main ionization sources are summarised in Table 1.13.

1.10.2.3 Detection

Although there are different techniques available for PFASs analysis, the most
commonly used are based on mass spectrometry. The use of mass spectrometry (MS)
coupled to gas chromatography, liquid chromatography, or as a solely analytical
technique, has increased since the start of the last century. Up till now, different types of
MS analysers were developed. In this terminology, MS was definied by the 2002 Nobel
Laureate in Chemistry, John B. Fenn who discovered electrospray ionisation:

“Mass spectrometry is the art of measuring atoms and molecules to determine their
molecular weight. Such mass or weight information is sometimes sufficient, frequently
necessary, and always useful in determining the identity of a species. To practice this art
one puts charge on the molecules of interest, i.e., the analyte, then measures how the
trajectories of the resulting ions respond in vacuum to various combinations of electric
and magnetic fields.

Clearly, the sine qua non of such a method is the conversion of neutral analyte
molecules into ions. For small and simple species the ionization is readily carried by gas-
phase encounters between the neutral molecules and electrons, photons, or other ions.
In recent years, the efforts of many investigators have led to new techniques for
producing ions of species too large and complex to be vaporized without substantial,
even catastrophic, decomposition.”
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Table 1.13: summary of main ionisation methods. Adapted from Cooks et al. (1997)

loni sation source Acronym loni sation agent Characteristics Application
Volatile molecules
Electron lonisation or El Electrons (~70 eV)  «Reproducible spectra For structural
Electron Impact « Extensive fragmentation  elucidation,
« Cationic ions coupled to GC
Chemical lonisation Cl Gaseous ions « Soft ionisation source For MW
(reagent gas) * Molecular ions determination,
« Cationic and anionic coupled to GC
ions
No-volatile molecules
Field lonisation Fl Intense electric « Intact molecular ions Condensed phase,
field from high MW MW and structure
compounds determination
* Solid samples
* Cations
Field Desorption FD Energetic « Intact molecular ions Condensed phase,
particles, photons, from high MW MW and structure
electric field compounds determination
« Solid samples
* Cations
Thermospray TSP Soft thermal * Temperature dependant  Interfase for LC-
energy, electric spectra MS
field « Liquid samples
* Anions and cations
Electrospray ESI Intense electric * Multiple charged ions for  Interfase for LC-
ionisation field high MW; soft ionisation MS
soruce
« Liquid samples
« lonization in liquid phase
* Anions and cations
Atmospheric-pressure  APCI Intense electric * Multiple charged ions for  Interfase for LC-
chemical ionisation field high MW; not as soft as MS
ESI
* Liquid samples
« lonisation in gas phase
* Anions and cations
Atmospheric pressure  APPI Energetic * Liquid samples Interfase for LC-
photoionisation particles, photons, « lonisation in gas phase MS,
electromagnetic « Anions and cations nonpolar or low-
field polarity
compounds not
efficiently ionised
by other ionisation
sources
Desorption DESI Particles impact * Ambient ionisation Direct analysis,
electrospray « Solid samples low sample
+ Anions and cations preparation
Direct Analysis in DART Particles impact * Ambient ionization Direct analysis,
Real Time « Solid samples low sample
« Anions and cations preparation
Fast atom/ion FAB/FIB Particles impact « Soft energy ions Direct analysis. It
bombardment « Liquid samples is being replaced
« Anions and cations by MALDI
Matrix-assisted laser MALDI Laser desorption * Multiple charged ions for ~ Direct analysis.

desorption ionisation

high MW; not as soft as
ESI

* Solid samples

* Anions and cations

Coupled to time of
flight instruments.
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However, before starting an analysis with MS, there should be different drawbacks
considered, of these analysers with PFAS studies. One of the main drawbacks is the
complex matrices. They produce matrix effects, produced in the ionisation source: ion
suppression or enhancement. Therefore, in order to assess and normalise instrumental
signal, it is required to use labelled internal standards. Some current limitations
associated to the labelled standards purity have been presented before. Another
important effect during PFASs analysis is the interference of PFOS transition 499 > 80 in
biological matrices with TDCA as has been explained in the drawbacks section.
Nevertheless, the drawbacks can be minimised and, currently, the analysis of PFASs is
performed, in general, by MS? with different analysers. Both techniques, GC and LC, can
be coupled to different MS analysers.

There are several different types of mass analysers, depending on ion movement or
storage. The first one is based on ion transport and includes: electrostatic and magnetic
sectors, quadrupoles (Q), sime of flight (TOF) and hybrids combinations of these ones.
The second type of analysers are based on ion storage such as ion traps (IT), Fourier-
transform ion cyclotron resonance (FT-ICR). The properties of mass analysers are
evaluated according to mass range, mass resolution, ion transmission efficiency, mass
accuracy, dynamic linear range, scan rate and sensitivity. Table 1.14 summarises some
of these parameters. Nonetheless, the selection of the analysers is also based on
economic costs as well as their flexibility. In this sence, the most commonly
spectrometers used in the analysis of PFASs in all the matrix types are the ftriple
guadrupoles (QgQ) due to their versatility, sensibility and robustness according to its
maintaince cost. In the following section more detailed information about the analysers
used in the analysis of PFASSs is given: ion trap, triple quadrupole and hybrid quadrupole
— linear ion trap as well as some iformation about the hybrid quadrupole — time of flight
and the orbitrap.

Table 1.14: comparative parameters of the most common mass spectrometer analysers
(Leonards et al., 2011)

Dynamic

. Mass
Mass spectrometer linear Mass accuracy .

resolution

range
Sector magnet 10,000 1-2 ppm 100,000
Single quadrupole 10,000 100,000 ppm 4,000
Triple quadrupole 10,000 100,000 ppm 5,000
Hybrid quadrupole - iontrap 1,000 100,000 ppm 7,000
Linear ion trap 10,000 50-200 ppm 1,000
Time of flight 100 5 ppm (lock mass) 15,000
FT-ICR > 5,000 > 1 ppm 500,000
Orbitrap > 5,000 5 ppm 200,000

1-2 ppm (lock mass)
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lon Trap. Between the 1950s and 1960s, the lon Trap (IT) mass spectrometer was
developed by physicists, Wolfgang Paul and Hans Georg Dehmelt. It consists of two
end-cap electrodes of hyperbolic cross section that normally are operated at ground
potential. Located at the end caps is a ring electrode to which a radiofrequency voltage
is applied (Figure 1.10). IT confines ions spatially using electric and magnetic fields
alone or in combination. All the experiments are performed in the same space, but at
different times. The scan is performed by changing the radio frequency voltage
amplitude (Cooks et al. 1997). It could work in different modes: in scan mode with high
efficiency because all the ions are trapped in the electrodes, in selected ion monitoring
mode (SIM) allowing the destabilisation of undesirable ions and the enhancement of the
sensitivity of the selected ions, in tandem performing MS" experiments. This last mode
allows to perform multiple fragmentations in sequence and to elucidate the structures of
unknown analytes. However, this analyser has low resolution (unit) and the possibility of
undesired ion-molecule reactions inside the analyser. In order to decrease these
reactions is necessary to introduce helium as a damper gas. The main advantages are
that this technigue is simple and easy to maintain, it can be coupled to other analysers
such as quadrupole and it can be coupled to GC and LC. Few authors have used this
technology for PFAS studies (Tseng et al. 2006).

Endcap Ring
electrodes electrodes

3 ‘—) Detector
e
LIT

Figure 1.10: IT structure

Triple Quadrupole. The introduction of the quadrupole (Q) as an analyser was in the
middle of the last century. Nowadays, although the use of single Q is still common in
routine analysis (more in GC than in LC), the possibility of using three quadrupoles in
tandem, named triple quadrupole (QQqQ) mass spectrometer, in the analysis of different
substances has allowed better sensitivity, simplicity of the operations and the possibility
to determinate a target compound in different matrices duo to its selectivity.
Quadrupoles work as a mass filter and are based on transport ions. The quadrupole
mass analyser consists of four hyperbolic, or cylindrical rods placed parallel in a radial
array, operating by applying ac potentials. The movement of the ions is in two
dimensions and only ions which undergo stable motion in both directions will remain
within the device and be detected by an ion detector as they emerge from the
guadrupole (Cooks et al. 1997). It is highly sensitive and sensitivity can be increased for
working with hyperbolic rods like TSQ Quantum (Thermo Fisher). This instrument is
selective working in SRM mode. It allows to work at low resolution (unit, in general) and
at medium-low resolution. The Q could be coupled to other analysers such as TOF, IT or
another Q and combined with GC and LC. The QgQ allows performing multiple scan
modes, for example, with scan in the first quadrupole and SIM in the second one, SRM
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with collision-induced diossociation (CID) which increases the selectivity and makes
them useful for quantification purposes or scan in first and second quadrupoles after a
neutral loss. Figure 1.11 shows an example of a triple quadrupole structure. The triple
guadrupole is the technique of choice for environmental and biological analysis of
PFASs due to its versatility, sensibility, robustness and simplicity. Different examples are
reported in Table 1.12.

octapoles

—>K ==

Figure 1.11. QQqQ structure

Hybrid quadrupole-linear ion trap. The sensitivity and selectivity of the Q and the
high efficiency of IT make the hybrid quadrupole-linear ion trap (QgLIT or QTrap) one of
the most interesting tools in environmental and biological studies, always in terms of low
resolution. It can be coupled to a LC system. In an IT, the ions are trapped in a radio
frequency quadrupole field in contrast to a Q, where the ions pass through a quadrupole
analyser with a superimposed radio frequency field. It allows to perform MS®
experiments, which is a useful tool for structure elucidation during the identification of
different compounds in degradation studies and, due to the conformation of ion trap, the
screening in scan mode is more efficient than in a quadrupole analyser, which is more
selective. The QTrap, typically, consists of two octapoles (Q; and g,) and a LIT with a
ring electrode and two hyperbolic endcap electrodes (Figure 1.12). The operation modes
are, for example, scanning in both analysers, SIM in Q and scan in LIT, which is named
enhanced product ion (EPI), data dependant scan with collision induced dissociation,
scans with a neutral loss, SRM and MS®. Different authors have used this mass
spectrometer for the analysis of different PFASs with quantification and screening
purposes (Scott et al. 2006; D'Eon et al. 2010; Fromel et al. 2010).

octapoles Endcap Ring
electrodes electrodes

-

Figure 1.12: hybrid QqLIT structure
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Hybrid quadrupole time-of-flight. The hybrid analyser quadrupole time-of-flight
(QQTOF) provides an excellent selectivity of the Q and a med-to-high mass resolution of
the TOF due to its structure (Figure 1.13) and high sensitivity, which is used for the
analysis of big molecules such as proteins. The basis of the instrument is the measure of
the flight time of accelerated ions. The movement is generated by the application of a
potential and it is dependant of the ration m/z. This instrument could be coupled to LC,
GC, and capillary electrophoresis or by pulse ionization source sample introduction like
MALDI or plasma desorption. It allows the accurate ionic mass identification of product,
since it can perform exact mass experiments and it represents an important tool in
degradation studies, too (Jones et al. 2003; Martin et al. 2004; Guo et al. 2008).

octapoles

Q. 7]

TOF

Figure 1.13: hybrid QqTOF in one of the TOF structures

Orbitrap. The Orbitrap analyser was discovered by Makarov (2000) and works with
the same principles as Fourier Transform lon Cyclotron Resonance mass spectrometer:
the ions are trapped in an electrostatic field between the electrodes and the inner
electrode, and are balanced by centrifugal forces (Figure 1.14). The Orbitrap works as
analyser and detector and, in general, it is coupled to a LC system. The ion cycles around
the central electrode are a function of the electric field, as well as of the oscillation, due to
the ratio mass/charge. In addition, the ions also move back and forth along the axis of the
central electrode (Makarov et al. 2006). This technique has started to be used in the
analysis of PFASs in human breast milk and fish samples (Kadar et al. 2011a; Kadar et
al. 2011b).

Figure 1.14: Orbitrap structure
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Other instrumental tools have been employed for more specific studies, such as
radioactivity and liquid chromatography / accurate radioisotope counting (LC/ARC) in the
study of aerobic biodegradation PFASs in a flow-through soil incubation system (Liu et al.
2010).

81



1. Introduction

1.11 Objectives

Under this context, the overall objective of the present Doctoral Thesis was to
assess the occurrence of a wide range of PFASs in e nvironmental samples,
drinking water, food, and to study the possible sou rces of human exposure with
special enphasis on: food and drinking water

Therefore, the specific objectives were:

1. To develop and validate analytical methods based on off-ine and on-line
approaches, using different mass analysers for the analysis of PFASs in different
type of matrices, including:

* Food (fish, daily products, infant food and drinking water),

» Environmental samples (biota, biota and soils from remote areas, sediments,
surface and ground water),

*  Wastewater

e Sludge,

« and human biological matrices (human breast milk and blood).

2. To study the presence of PFASs in the environment, food, drinking water, human
samples of cord blood and breast milk, and wastewater.

To assess PFASs human routes of exposure through the diet

4. To assess the possible accumulation of PFAS in cord blood and human breast milk.

w
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2.1 Introduction

2. Environmental Occurrence

also reported.

In this chapter, we will deal to discuss the fate and behavior of PFASs in the water
cycle. In addition, the accumulation of PFASs in biota samples from remote areas will be

reported and discussed. Finally, the presence of PFASs in marine plastic pellets will be

relation between the different environmental compartments.

 od

i

deposition

Figure 2.1 are summarizes the main sources of PFASs in the environment and their
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Figure 2.1: Environmental sources of PFASs.

WWTP: wastewater treatment plant; PWTP: potable water treatment plant.
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2. Environmental Occurrence

As it has been presented in the previous chapter, the main sources of PFASs in the
environment can be classified as:

= Direct sources
o Direct discharges and emissions at industrial sources and direct
discharges by WWTPs

= Indirect sources
o Degradation processes produced in other industrial point sources.
o WWTPs discharges, atmospheric emissions and the use of sludge in soil
amendment for agriculture
o Degradation during lifespan of materials containing PFASs or their
polymers
o Disposal in landfills of products containing or based on PFASs

The principal sources of PFASs to the environment are direct emissions at industrial
sites. The industrial residues of PFASs can be generated by different processes:

1. During the synthesis of fluoroalkyl substances (Prevedouros et al. 2006),

2. As indirect product generated during the synthesis of PFASs (Prevedouros et
al. 2006),

3. During combustion processes of some materials (the most volatile PFASS)
and,

4. As residual compounds in the manufacture of products made of PFASs
(Prevedouros et al. 2006) among others.

However, the diffuse contamination it is also very important. The uses of products
containing PFASs as raw materials are an indirect source of PFASs to the environment.
For example, by heating cookware and ovens materials that contain PFASs (Begley et al.
2005). Another example is their release through domestic wastewaters, for example
during the washing of fabrics or by the use of shampoos or other consumables that
contain PFASs.

Conventional wastewater treatments at WWTPs present low removal rates for some
PFASs. For this reason, WWTPs constitute an emission source of PFASs. In addition,
most volatile compounds can be emitted to the atmosphere during the water treatment
processes. In addition, the use of sewage sludge in agricultural lands could be another
indirect source of PFASs in soils and groundwater (Clarke et al. 2011). Once in soils,
PFASs can enter into human diet via consumption of crops from contaminated soils or
they can be mobilised by air-borne transport, or pass to surface waters and ground
waters by draining (Navarro et al. 2011; Yoo et al. 2011). According to their potential
significance for agricultural utilisation and persistence in soils, different groups of organic
contaminants commonly found in sewage sludge were recently scored (Clarke et al.
2011). In this classification, PFASs obtained 10 scores over 11 based on their
persistence in soil (more than 6 months), their potential accumulation in human food
chain, their potential bioaccumulation, as well as their possible soil ecotoxicity. On the
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other hand, it should be considered that PFASs in sludge amended soil can be mobilised
by rainfall reaching phreatic waters (Gottschall et al. 2010). In general, the occurrence of
PFASs is at higher ng/g concentrations (Guo et al. 2010; Li et al. 2010; Ma et al. 2010;
Zhang et al. 2010). In spite of the current limitation on the use of PFOA, this is the only
long chain acidic detected in sludge. Its occurrence can be associated to the
biodegradation of other longer chain congeners currently in use is suggested (Fromel et
al. 2010; Lee et al. 2010). The predominance of shorter C chains is supported by Ma et
al. (2010). The authors found a dominance of even-chain length perfluoroalkyl carboxylic
acid in all of the WWTP sludge samples investigated. A strong aerobic degradation of
fluorotelomer alcohols in WWTPs is suggested. In addition, currently long chain
compounds are replaced by short chain PFASs, which should be further studied in the
future. In this sense, considerable amounts of these products can also reach WWTP
sludge, partially contributing to these concentrations. In spite of the lack of data reporting
the profile of PFASs present in sewage sludge during the past, available data seems to
show a strong decrease in the presence of long chain PFASs and, at the same time, an
increase of short C-chain compounds.

In general, high concentrations of PFASs in surface waters can be directly related to
heavy industrialised and urban areas. For example, up to 1371 ng/L of PFOS were
measured in the river Krka in Slovenia. The river Scheldt shows concentrations up to 153
ng/L, the Seine 97 ng/L and the Rhine 32 ng/L. High concentrations of PFOA were
measured in Danube (25 ng/L), Scheldt (88 ng/L), and Rhone 116 (ng/L) (Loos et al.
2009). Also high concentrations of PFOA have been reported in different river waters as,
for example, in Japan. The river concentrations were found in the range between 54 and
192 ng/L (Murakami et al. 2008). Other studies reported the presence of PFAS in lakes
from industrial areas. For example in Lake Ontario concentrations were in the range of 21
— 70 ng/L for PFOS and between 27 and 50 ng/L for PFOA (Boulanger et al. 2005).

Regarding their presence in Spanish surface waters, Ericsson et al. (2008) reported
the concentrations of PFASs in different Catalan rivers in an area near to Tarragona city
(Ebro River in Garcia and Mora, and the Francoli and Cortiella Rivers). In these locations
the concentrations were between 0.19 and 25 ng/L (including PFOA and PFOS). In
another study, Sanchez-Avila et al. (2010) investigated the concentrations of five
compounds (PFBS, PFHxS, PFOS, PFOA and PFNA) in different surface waters, sea
water and wastewaters from Catalonia, including a sample from a high industrialised area
settled near to the Llobregat river. In this sampling site PFOS and PFOA were the
compounds found at higher concentrations but it should be mentioned that all the
investigated compounds were also found at quantifiable concentrations. The
concentrations reported in this study were comparable with those obtained for other river
waters from other industrialised areas in Europe. However, the profile of compounds was
quite different than in other European countries such as Germany, where the occurrence
of PFOA in surface water is generally found at higher concentrations than PFOS
(Skutlarek et al. 2006). A recent work by Pico et al. (2011), reported the spatial
distributions of PFASs in water and sediments from the L'Albufera Natural Park
(Valéncia, Spain). The results of this study showed that the most frequently found
compounds were PFOS and PFOA, with concentrations ranging from 0.94 to 58.1 ng/L
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and from 0.99 to 120 ng/L for PFOS and PFOA, respectively. However, in the sediments,
the profile was the opposite; the concentrations of PFOS were higher than PFOA,
attributed to their physicochemical properties. The presence of these compounds showed
an important spatial distribution being widespread along all sampling sites, which is in
agreement with data reported in other European rivers. However, the Mediterranean
Rivers are affected in a great manner by climate episodes, such as first-flush, which can
re suspend contaminants contained in the sediments. As expected, the higher
concentrations were found near the mouth corresponding generally to a heavily
populated and industrialised area. The compound found at higher concentration was
PFHpA, around 30 ng/L. Recently, the concentration patterns have shown that, in
general, more frequent compounds, and also those at higher concentration, were short
chain PFASs. This indicating a tendency to replace more persistent long chain PFASs by
new short chain ones.

Few studies reported the concentration in coastal waters and open sea, as for
example the concentrations in coastal waters from the Pacific and Atlantic Ocean were in
the range of 0.23 — 57.5 ng/L for PFOS and 0.24 — 192 ng/L for PFOA. In the open
Ocean the concentrations vary between the limits of detection and 0.1 ng/L and 0.15 —
0.5 ng/L for PFOS and PFOA, respectively (Yamashita et al. 2005).

Due to their widespread, PFASs are present in remote areas such as the Arctic
[atmosphere (Shoeib et al. 2006), Arctic Ocean (Wania 2007), biological samples (Martin
et al. 2004; Butt et al. 2010; Sonne 2010; Stemmler et al. 2010)] or Antarctic [biological
samples as penguins or seals (Tao et al. 2006; Schiavone et al. 2009)]. T he occurrence
of PFASs into remote areas is associated to biogeochemical cycles and geophysical
drivers. Their presence could be explained by the theory of “cold condensation”,
concerning the chemical movements or chemical transformations from sources under the
impact of environmental forcing, such as temperature, and interactions with other
environmental compartments (vegetation, soil and oceans) (Lohmann et al. 2007). Some
PFASs exhibit the potential for long-range environmental transport by a combination of
dissolved-phase water and gas-phase atmospheric transport. The predominant transport
pathway is complicated due to the uncertainty over water and atmosphere partitioning.
Furthermore, there is evidence that transport and subsequent oxidation of volatile alcohol
PFASSs precursors may contribute to the levels of these analytes in the environment.

On the other hand, the distribution of PFASs for example in oceans, can be related to
another contamination problem. In 2010, the European plastics production was about 57
million tons (Mt). The 57.9% of the production is recovered by recycling (6 Mt) and
alternative energy source (8.3 Mt) but the other 42.1% is not recovered. This disposal
plastic is an increasing cause of water pollution since industrial products may become
marine debris if they are improperly disposed on land or if they are lost during transport or
loading/unloading at port facilities (US EPA 2002). Research has shown that hazardous
pollutants as persistent organic pollutants (POPs) are adsorbed and concentrated onto
the surface of plastic pellets being the source the surrounding seawater (Mato et al. 2000;
Hirai et al. 2011). Because contaminated pellets may be ingested by animals they could
be a source of hydrophobic contaminants in the marine food chain as POPs (Gregory
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2009). Partitioning and reactivity properties are important to understand and model the
environmental behaviour of PFASs. According to their octanol-water partitioning
coefficient (Wania 2007), PFASs can be adsorbed onto marine plastic debris surface and
this can be another source of these compounds into the environment as well as another
type of long-range transport. A well known example of marine debris are small plastic
resin pellets made of PP or PE, with about 2-6 mm in diameter, which are the raw
material for the manufacture of plastic products (Derraik 2002). These pellets have been
released into the marine environment from accidental spillage during production and
processing, transport and handling. Some are buoyant whilst others become suspended
or sink and can arrive to constitute a contamination source in the Oceans (Coe et al.
1997; Redford et al. 1997; Gregory 2009).

However, it should be pointed out that the systematic study of PFASs in
environmental waters that has started around one decade ago, being focussed only in to
study a few number of compounds, such as PFOS and PFOA. Therefore, the occurrence,
fate and behaviour, as well as the routes of human exposure, for most of the compounds
currently in use continue being poorly known and understood.

It is known that, drinking water is one of the primary routes of human exposure
(D’'Hollander et al. 2010; Pico et al. 2010). At the same time, one of the main sources of
PFASs in drinking waters is the contamination of the natural water bodies. This fact has
been one of the reasons that has driven the study of the occurrence of PFASs in natural
waters during the last years. For example, Ericson et al. (2008; 2009) studied PFASs in 4
mineral bottled waters and tap waters from Catalonia. The results confirmed the presence
of these analytes between 0.13 and 0.40 ng/L in bottled waters and 0.02 — 69 ng/L in tap
waters. An earlier example by Skutlarek et al. (2006) it showed the occurrence of PFASs
at concentrations between 2 and 519 ng/L in Ruhr area tap water. The higher
concentrations corresponded to PFOA. The analysis of surface river waters from the
same zones of Ruhr area disclosed similar levels thus indicating that the total removal of
these compounds was not achieved during the water treatment processes. In addition,
higher contamination levels were related to certain materials in agricultural fields. In
another example, PFOS and PFOA were found at concentrations of 9 ng/L and 3 ng/L,
respectively, in surface water from the Lake Maggiore (Switzerland). The analysis of
drinking water produced from the lake presented very similar trends of contamination,
revealing the poor performance of sand filtration and chlorination applied by the local
waterworks (Loos 2007). The study of tap water from Brazil, Japan, China, India, USA
and Canada confirmed the occurrence of PFASs in all analysed sites (Takagi et al. 2008;
Mak 2009; Quinete et al. 2009).

The occurrence and the toxicity of these compounds have driven to their regulation.
For example, in January 2009 the USEPA (EPA 2009) set the short-term exposure
scenario (acute toxicity) for PFOS and PFOA establishing the Provisional Health Advisory
(PHA) at 200 ng/L and 400 ng/L, respectively. However, the current regulations are
focused in a low number of the compounds, and only acute exposures are under
regulation, whereas the chronic exposure was not considered.
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Recently, in April 2012, in United States launched the third Unregulated Contaminant
Monitoring Rule (UCMR-3) that will require the monitoring of 30 contaminants using EPA
and/or consensus organization analytical methods during 2013-2015 (USEPA 2012).
Among the 30 selected contaminants for the assessment of their entry points to the
distribution system, 6 PFASs were selected: PFOS (40 ng/L), PFOA (20 ng/L), PFNA (20
ng/L), PFHxS (30 ng/L), PFHpA (10 ng/L) and PFBS (90 ng/L). Together with the EPA,
States laboratories and public water systems (PWSs) will participate in the UCMR 3.

2.1.1. Analysis of PFASs in Waters
2.1.1.1 Sample extraction

Most of the analytical methods used for the determination of PFASs in water are
based in off-line SPE. However, on-line extraction/clean-up procedures present a series
of advantages, in terms of robustness and shorter time of analysis. Different on-line
options we should highlighted:

e Turbulent flow chromatography (TFC) the basic principle for TFC is that the target

analytes are retained in the active pores of a chromatographic column whereas
interferences are eliminated by the turbulent flow that is produced when high flow
passes through a restricted access material (RAM) column. Due to the poor size of
the columns (> 5 um), the generated turbulent flow (between 1.5 — 3 mL/min) allows
the retention of small analytes into the activated pore sites due to the difference
between diffusion of big and small compounds).
The use of TFC coupled to LC/MS shows a great potential for the rapid, direct
analysis of PFASs in complex matrices. TFC-LC/MS avoids the need for any time-
consuming sample preparation, such as SPE, and it allowed a total sample analysis
in few minutes. Coupling this technology with LC-MS/MS offers high sensitivity and
specificity, as well. For example, MLOD and MLOQ of 5.4 and 19 ng/L, respectively,
for PFOS were reported using this technology (Takino et al. 2003). Figure 2.2 (a) and
(b) shows an example of system configuration in TFC-LC-MS/MS which has been
used in this Thesis for the analysis of complex matrices such as blood (see chapter
4). In this case, two different columns in tandem were used.
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A) Sample introduction and cleaning matrix effects
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C) Cleaning step after sample introduction
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On-line solid phase extraction. The on-line SPE is based on extraction and clean
up of the sample coupled to an LC system. In general, the sample is loaded onto the
cartridges, which have been previously conditioned with the optimum solvents.
Then, the sample is loaded at flow-rates higher than 0.5 mL/min, being the analytes
trapped into the activate sites of the cartridge. While the analytes are retained on the
SPE column, the matrix is flushed to waste and the analytical column is equilibrated
with the chromatographic pump (Gosetti et al. 2010). Then, the valve is switched to
injection position (see Figure 2.3), and using the mobile phase the analytes are
transferred to the LC column. These analytes are separated into the LC and finally
detected by MS (/MS). Once the elution of the compounds has been completed, the
valve is switched again into the loading position to equilibrate the on-line SPE
cartridge with the loading phase into initial conditions (Gosetti et al. 2010). Figure
2.3 shows an example of on-line solid phase extraction positions.

The advantages of this technique vs. off-line SPE are faster analysis and low
sample manipulation as well as the higher robustness of the method. In general,
these methods allow extracting up to 5 mL but it can change depending on the
automated on-line system. The main disadvantage of this technique in front of the
newer TFC, and another type of on-line extractions based on E-Quan systems, is
that the cartridge can only be used one time. SPE cartridges, with different
stationary phases can be used for PFASs analysis including: both ionic exchanges,
C18 based phases or combining hydrophilic and lipophilic characters (i.e: Waters).

In the case PFASs analyzed in water samples by on-line methods, there are few
works published in the literature. For example, Wilson et al. (2007) developed a
method for the extraction of 1 mL of surface water, for the analysis of PFOA and
PFOS, with a Kromasil C18 enrichment column coupled to a nano-liquid
chromatography and nano-spray mass spectrometry. The MLOD and MLOQ of
PFOA and PFOS were 0.5 and 1 ng/L, respectively. Another SPE on-line extraction
and purification method was developed by Gosetti et al. (2010) where 0.35 mL of
water was pre-concentrated in a Poros HQ column and then the 9 analytes were
separated by LC coupled to a mass spectrometer in tandem. The MLOD varied
between 9 and 49 ng/L.
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A) Loading position
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Figure 2.3: on-line solid phase extraction positions adapted from Gosetti et al. (2010).
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In addition to the different on-line clean-up approaches, for the analysis of clean
water samples another option are on-line pre-concentration systems as the E-
Quan™ technology developed by Thermo (Thermo Fisher Scientific, Franklin,
MA).

The E-Quan™ technology is based on the use of higher diameter columns with the
same stationary phases used for separation. These columns allow the retention of
polar compounds from aqueous samples and it can be used for more than 1000 runs,
being therefore cheaper as compared to the common on-line-SPE cartridges (Gosetti
et al. 2010). The basis of this technology is an on-line extraction method involving
column switching. The main advantages are the same as in the case of on-line SPE:
improved throughput and robustness due to the low sample manipulation and
significant reduction of the time of analysis, as well as, enhanced resolution and high
sensitivity under MS/MS (Thermo Fisher Scientific 2006-2007).

The EQuan system consists of two HPLC pumps with a pre-concentration column
(Hypersil GOLD™ 12 pm, 20 x 2.1 mm), an analytical column (Hypersil GOLD 3 pm,
50 x 2.1 mm) coupled to a TSQ Quantum™ triple quadrupole mass spectrometer.
The configuration of these quadrupoles allows high analytical sensitivity. With this of
equipment and direct injection using volumes between 0.1 to 5 mL of the samples a
reduction of the time of sample preparation is achieved (Thermo Fisher Scientific
2006-2007). As in the case of on-line SPE, the sample is loaded into the pre-
concentration column. After enrichment, the analytes are transferred to the analytical
column for their separation by switching the valve into loading mode (Figure 2.4).
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A) Loading mode
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Figure 2.4: Scheme of on-line system based in EQuan technology.
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2.1.1.2 Sample detection

According to the matrix type, which will be analysed, different analysers must be
considered depending on their sensitivity and mass accuracy. The main aim has been to
study the occurrence of PFASs in waters, sludge, sediment, biota and plastic pellets.
Table 2.1 summarizes the main advantages and disadvantages of different mass

spectrometers.

Table 2.1: Main advantages and disadvantages of different mass spectrometers

MS Advantages Disadvantages Optimum

¢ High resolution e Too expensive No
Sector magnet ¢ High sensitive

« Enough confirmation points

¢ Low cost  Lack in confirmation points ~ No
Q « High sensitive « Low resolution

¢ Low cost * Low resolution Yes
QqQ « High sensitive

¢ SRM

¢ Low cost * SRM with low sensitivity No
LIT « High efficiency in scan

« MS" experiments

« High efficiency in scan « Mid cost Yes

¢ SRM
QaLIT ¢ High sensitive

+ MS" experiments
TOF + High resolution . La.lck in confirmation points ~ No

» Mid cost

Q-TOF « High resolution * Mid cost o No

* SRM * Low sensitivity

« High resolution e Too expensive No
FT-ICR « Enough confirmation points

+ MS" experiments

¢ High resolution e Too expensive No
Orbitrap « Enough confirmation points

« MS" experiments

SRM: selected reaction monitoring
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2.2 Experimental work
In the next sections PFASs were investigated in different types of matrices including:

 Waters — wastewater effluents, surface river waters, groundwater, waters
samples from different steps in a PWTP, tap water and bottled drinking water

* Sewage sludge,

» Biota and soil samples from Tierra de Fuego and the Antarctica, and

* Marine plastic pellets and marine sediments

The experimental results are reported in the following publications.
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2.2.1 PFASs in the water cycle

Scientific publication 1:
Llorca, M., Farré, M., Pico, Y., Mlller, J., Knepper, T. P. and Barcel6, D. (2012).
"Analysis of perfluoroalkyl substances in waters from Germany and Spain"

431: 139-150 Science of The Total Environment
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Water has been identified as one of the main routes of human exposure to perfluoroalkyl substances {PFASs).
This work assessed the presence of 21 PFASs along the whole water cycle using a new fast and cost effective an-
alytical method based on an online sample enrichment followed by liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS). The method was validated for different types of matrices (ultrapure water,
tap water and treated wastewater). The quality parameters for the 21 selected compounds presented good limits
of detection (LOD} and quantification (LOQ) ranging, in general, from 0.83-10 ng/L to 2.8-50 ng/L, respectively.
The method was applied to assess the occurrence of PFASs in 148 water samples of different steps along the
whole water cycle, including: mineral bottled water, tap water, river water and treated effluent wastewater,
from Germany to Spain. In addition, in order to prove the good performance of the online analytical method,
the analysis of PFASs was carried out in parallel using a method based on offline anionic solid phase extraction
(SPE) followed by LC-MS/MS. Consistent results were obtained using both approaches.

The more frequently found compounds were perfluoroalkyl acids, such as the perfluorobutanoic acid which was
in the 54% of the tap water samples investigated with concentrations in the range between 2.4 and 27 ng/L, the
perfluoroheptanoic acid (0.23-53 ng/L) and perfluorooctanoic acid (0.16-35 ng/L), and the sulphonate per-
fluorooctanesulfonate (0.04-258 ng/L) which was the second more frequent compound and also the compound
found in with the higher concentration. It should be remarked that the 88% of the samples analyzed presented
at least one of the compounds at quantifiable concentrations. In addition, PFASs including short chain com-
pounds were proved to be prevalent in drinking water, and the 50% of the drinking water samples showed
quantifiable concentrations of PFASs. It should be said that the great majority of the samples may not pose an
immediate health risk to consumers, and just 6 of the drinking water samples presented concentrations of
PFOS exceeding the Provisional Health Advisory (PHA) level established by the Office of Water from the
USEPA for PFOS, which was set in 200 ng/L.

Keywords:

Water

Perfluoroalkyl substances
Drinking water

Online extraction
LC/ESI-MS/MS
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1. Introduction

Perfluoroalkyl substances (PFASs) are a large group of chemicals
used since the 1950s in different industrial and commercial applica-
tions, due to their inertia and their high physical, chemical, and bio-
logical stability. However, PFASs are persistent in the environment,
they can be accumulated and be biomagnified through the trophic
chain (Tomy et al., 2004). Animal studies have demonstrated differ-
ent chronic and subchronic effects from PFASs including, hepatotoxic-
ity, developmental toxicity, immunotoxicity, and carcinogenicity as
well as hormonal effects from PFASs (Lau et al., 2007}. In-utero expo-
sure experiments to PFOS conducted in mice and rats, have demon-
strated that the presence of PFOS produced the reduction of body
weight and developmental delay in neuromotor maturation in the

* Corresponding author. Tel.: +34 83 460 61 0C; fax: +34 93 204 55 04.
E-mail address: mfugam@cid.csic.es (M. Farré).

0048-3657/5 - see front matter © 2012 Elsevier BV. All rights reserved.
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offspring (Fuentes et al, 2007; Lau et al., 2006; Luebker et al,
2005). The interaction of PFASs with thyroid hormones, high density
lipoprotein, cholesterol and triglycerides has been also assessed, in-
dicating the disruption of PFAS onto different metabolic routes (Lau
et al., 2007; Peden-Adams et al, 2008). The elimination of per-
fluorophosphonic acids (PFPAs) has been assessed in rats concluding
that the mono-PFPAs and di-PFPAs may also have significant life-
times in the body of rats and it was demonstrated that the mono-
PFPAs may bind to blood cells underestimating their concentration
in plasma and sera samples (D'Eon and Mabury, 2010). The biologi-
cal fate of the mono-PFPAs and di-PFPAs determined in the study
suggested that there was a potential human exposure and if the ex-
posure does occur they may be long-lived in the body. In the
hurman body, PFASs tend to be associated with fatty acid binding pro-
teins in the liver or albumin proteins in blood {Han et al., 2003) and
have been detected in human serum, cord blood and breast milk in
several studies (Haug et al., 2009; Sundstrom et al., 2011; Apelberg
et al., 2007; Fromme et al., 2010).
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In 2006 the Environmental Protection Agency (US Environmental
Protection Agency, 2011b) and the eight major PFASs producer com-
panies ( Arkema, Asahi, BASF Corporation (successor to Ciba), Clariant,
Daikin, 3M/Dyneon, DuPont, Solvay Solexis) in the industry launched
the “PFOA Stewardship Program”. The companies committed to phase
out global facility emissions and product content of by 95% by 2010
and to work toward eliminating emissions and product content by
2015 (US Environmental Protection Agency, 2006). In 2008, the
European Food Safety Authority (EFSA} carried out a compilation
and evaluation of the results of different toxicological studies in
order to set the no observable adverse effect levels (NOAELs), the
lowest observed adverse effect levels (LOAELs}, and the critical end-
points (EFSA, 2008} for a selected group of PFASs. With this
information it was established that the tolerable daily intake (TDI)
for perfluorooctane sulfonic acid (PFOS) was at 0.150 ng/g and
perfluorooctaneic acid (PFOA} at 1.50 ng/g. Recently, PFOS has been
included as a persistent organic pollutant { POP} under the Stockholm
Convention for global regulation of production and use (United
Nations Environment Programme, 2010). PFASs are also prime candi-
dates for chemicals that will need authorization within the REACH
regulation (European Commission, 2002}. In 2009 the Office of
Water (OW) from the EPA established the Provisional Health
Advisory for PFOA and PFOS as being 400 ng/L and 200 ng/L (US
Environmental Protection Agency, 2009}, respectively, and they are
susceptible to be introduced into the Safe Drinking Water Act
(SDWA} (US Environmental Protection Agency). However, these
values are calculated for a short-life exposure, and long-life exposures
may be more suitable for drinking water. On the other hand, in addi-
tion to the individual concentrations the total sum of compounds
should also be considered. In addition, drinking water has been
identified as one of the major routes of human exposure (Emmett
et al,, 2006; Skutlarek et al,, 2006; Pico et al, 2010). During recent
years several works have been carried out to assess the presence of
PFASs in drinking water. Ericson et al studied the presence of
PFASs induding perfluoroheptanoic acid, perfluorohexane sulfonate,
PFOA, perfluorononanoic add, PFOS, perfluorooctane sulfonamide and
perfluorodecanoicacid in bottled mineral water and tap water in Catalo-
nia {NE, Spain}. The concentrations reported by Ericson et al, in tap
water were between 0.02 and 69 ng/L (Ericson et al., 2009; Ericson et
al,, 2008}. In another example, Skutlarek et al. assessed the occurrence
of PFASs in tap water from the Rubr area in Germany. In this study,
high concentrations of PFASs were found with values between 2 and
519 ng/L, and the compounds found with higher concentrations were
PFOA and PFOS (Skutlarek et al,, 2006}. The most concentrated samples
came from the application of hazardous waste materials to agricultural
fields. During the past years, several studies have assessed the concen-
trations of PFAS in tap water, for example in Brazil (Quinete et al,
2009), the reported concentrations of PFAS were from 0.09 to 6.7 ng/L,
in Japan concentrations were from 0.16 to 84 ng/L (Takagi et al., 2008},
and in China, India, Japan, Canada and USA between the limits of quanti-
fication and 130 ng/L (Mak et al., 2009). In order to elucidate the possible
sources of PFASs in tap waters, the occurrence of PFAS has been assessed
in surface water, and in these works the presence in tap water was par-
tially related to the ineffective removal during water treatments of sur-
face waters (Loos et al., 2007; Skutlarek et al,, 2006). Currently, there is
an emerging use of new short chain PFASs in replacement of the more
persistent and toxic ones, such as PFOS and PFOA, but there is still a
lack of information about their presence, as well as their possible occur-
rence, fate and behavior in the environment as well the bioaccumulation
and biomagnifications through the food chain. In addition, the possible
degradation of products generated in the environment or during water
treatment processes should be taken into consideration (Dinglasan et
al, 2004; Fromel and Knepper, 2010; Lee et al, 2010; Wang et al,
2005). Therefore, there is an urgent need for the continuous assessment
of PFASs in drinking water, especially due to their possible negative im-
plications in human health. Different studies have proved the

accumulation of PFAS in human tissues and fluids, such as, breast milk
(Kédrrman et al, 2009; Llorca et al, 2010; Tao, 2009; Volkel et al,
2009), urine (Perez et al, 2012; Tao, 2009}, saliva (Tao, 2009), blood
(Guruge et al, 2005; Tao, 2009; Yeung et al., 2005}, seminal plasma
(Guruge etal., 2005) and liver (Kdrrman et al., 2009).

On the other hand, rapid analytical approaches continue to be re-
quired, but online analytical methods, in spite of its excellent analyt-
ical performance characteristics (low solvent consumption, low
amounts of sample required, reduction of analysis times and sample
manipulation and robustness) and advantages for routine analysis,
continue to be implemented less, and few authors have reported
their use (Takino et al., 2003; Wilson et al., 2007; Apelberg et al.,
2007; Calafat et al., 2007; Gosetti et al, 2010; Haug et al, 2009;
Kulklenyik et al., 2005}, in comparison to the off-line methodologies.

In this context, the main objectives of this work were (i} to devel-
op and validate a new online approach based in a retention and pre-
concentration chromatographic column which can be reused for the
rapid screening of PFASs in water; (ii} to assess the occurrence of 21
PFASs in water along the whole drinking water cycle; and (iii} to as-
sess the human risk associated to PFASs ingestion through drinking
water. A total number of 148 samples were analyzed from the
whole water cycle of two European countries: Spain and Germany.
These results give an integrative response about the occurrence of
PFASs in water, as well as, an indication about the possible sources
of contamination of whole water cycle including drinking water.

The analytical methodology presented here is an advance for the
rapid screening of PFASs in water, being of special relevance for rou-
tine analysis of PFASs in drinking waters. The occurrence in waters
can help during the implementation of the maximum limits, for
some of these compounds, claimed for different agencies and organi-
zations for health protection.

2. Materials and methods
2.1. Chemicals and standards

Perfluoroalkyl substances included in this study were supplied
from Wellington Laboratories Inc. (Canada} including: i} a mixture
of PFASs [MXB; > 98%] containing: perfluorobutanoic (PFBA), perfluoro
pentanoic (PFPeA), perfluorohexanoic (PFHxA}, perfluorcheptanoic
(PFHpA), perfluorooctanoic (PFOA), perfluorononanoic (PFNA), per
fluorodecanoic (PFDA), perfluoroundecanoic (PFUdA), perfluorodode-
canoic (PFDoA}, perfluorotridecanoic (PFTrA), perfluorotetradecanoic
(PFTeA), perfluorohexadecanoic (PFHxDA) and perfluorooctadecanoic
(PFODA} adds, perfluorobutanesulfonate {PFBS), perfluorohexasulfonate
(PFHxS), perfluorooctanesulfonate (PFOS), perfluorodecanesulfonate
(PFDS); ii} the perfluorooctanesulfonamide (PFOSA), >99%; iii) the per-
fluorophosphonic acids: perfluorohexylphosphonic acid (PFHxPA),
perlfuorcoctylphosphonic acid (PFOPA) and perfluorodecylphosphonic
acid (PFDPA)} [chemical purity>98%; methanol]. Perfluoroallyl sub-
stances used as surrogate internal standards (added before extraction
procedure in order to normalize all the analytical process} were pur-
chased from Wellington Laboratories Inc. (Canada} including: i} a mixture
of labeled PFASs [MXA; > 98%] containing: ['*C,]-perfluorobutanoic acid
(MPFBA (3C,)}, Ton ['®0.]-perfluorchexanesulfonate (MPFHXS
(180,)), ['3C,]-perfluorohexanoic acid (MPFHXA (*3C,)), Ton [3C]-per-
fluorooctanesulfonate (MPFOS (13C,)), ['3Cy]-petfluorooctanoic acid
(MPFOA (13C,)), [Cs]-perfluorononanoic acid (MPENA (°Cs)), [Pl
perflusrodecancic acid (MPFDA (13C,)), ['3C,]-perfluoroundecanoic
acid (MPFUdA ('3C3)), ["Co)-perfluorododecancic acid (MPFDoA
(13C,)); ii)) 6-chloroperfluorohexylphosphonic acid (CIPFHxPA) [chemical
purity >98%; methanol]. Internal standards (added before analysis in
order to assess and compensate possible losses during sample manipula-
tion and extraction} were purchased from Wellington Laboratories Inc.
(Canada) including: lon [“3Cg]-perflusrooctanestlfonate (MS8PFOS),
[3C,]-perfluorooctanoic acid (M2PFOA).
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During the analysis of German samples, ultrapure Milli-Q water was
prepared by a Millipore-Q-system (Millipore, Milford, MA, USA). Meth-
anol (MeOH} suprasolv, ammonium acetate salt (NH,Ac, MW, 77.08;
>98%), ammonia, n-hexane and acetonitrile (ACN) were obtained
from Merck ( Darmstadt, Germany). During the analysis of Spanish sam-
ples, water and methanol CHROMASOLV®Plus, for HPLC grade, ammo-
nium acetate salt (NHzAc: MW, 77.08; =98%), ammonium hydroxide
(NH,OH: MW, 35.05; =98%) and formic acid (CHOOH: MW, 46.03;
>95% in water; 1.22 g/mL at 25 °C (lit.}} were obtained from Sigma-
Aldrich, Steinheim, Germany.

2.2. Sample collection

A total number of 148 samples were collected from 32 cities in
Germany and Spain between 2010 and 2012, including: 6 mineral
bottled waters (the most popular brand}), 84 tap waters, 2 well wa-
ters, 48 surface river waters (24 from Spain and 24 from Germany),
the effluents from 5 wastewater treatment plants {(WWTPs}, and 3
samples collected at different steps of the purification processes in a
potable water treatment plant (PWTP} located at the federal state of
Hesse (Germany). The PWTP provides drinking water for 300,000 in-
habitants. This plant extracts surface water from the Rhine River, and
the treatment is based on different steps including sand trap and ac-
tive charcoal treatments followed by injection wells for a six-week
soil passage.

Details regarding sampling locations are given in Tables 51 and 52
of the Supporting information section. Fig. 1 shows the sampling loca-
tions of tap water and river waters collected in both countries.

The samples were collected in polypropylene (PP} or glass bottles
pre-cleaned with methanol and acetone and kept in a refrigerator at
4 °Cuntil analysis (extracted within the next 15 days with the excep-
tion of samples G-53, G-54 and G-55 (see Table 52 from the Supporting
information}).

The sample containers and the storage procedure were chosen
after discarding the possible contamination or adsorbance of selected
compounds onto plastic or glass surfaces. To discard the possible
cross-contamination from the containers procedural blanks were car-
ried out, using ultrapure-water stored at room temperature during
2 weeks. After this period, the ultra-pure water was extracted using
the same protocol as is used for the samples. Prior to the start of the
sample enrichment procedure, the blanks and the water samples
were allowed to reach room temperature into their initial containers,
and then the bottles with the samples were ultra-sonicated for 3 min
in order to resolve any possible adsorption onto the surfaces of con-
tainers. Second, in order to assess the possible adsorption onto the
surfaces of containers, different types of containers (PP and glass)
were filled with ultrapure water fortified with the mixture of PFASs
at 50 ng/L. These prepared solutions were stored at 4 °C during the
first 2 weeks. Then, the concentration of each compound in solution
was assessed. After this first experiment, the samples were {rozen
and the same experiment was repeated after 1, 2 and 3 months, with-
out significant differences in the resulting concentrations.

2.3. Online sample enrichment and instrumental analysis

5 mlL of unfiltered water samples was spiked with an internal
standard mixture in methanol to obtain a final concentration of
10 ng/L (2 pL at 25 pg/L} and then was directly processed using the
Thermo Scientific Aria TLX-1 system equipped with the EQuan™
technology. This system consists of a PAL auto sampler (CTC Analyt-
ics, Zwingen, Switzerland}, one mixing quaternary pump and one
switching device unit. The entire system was controlled via Xcalibur
software, version 2.1.

The online enrichment was achieved using a Hypersil GOLD aQ
column (2.1x20 mm, 12 um particle size from Thermo Fisher Scien-
tific, Franklin, MA), which allows the retention of polar compound

from aqueous samples. One of the main advantages of this system
in comparison to the common online-SPE cartridges is that the en-
richment column can be used for more than 1000 samples, being an
important reduction in the analysis expenses (Gosetti et al, 2610).
After enrichment, the analytes are transferred to the analytical col-
umn for their separation by switching the MS valve into loading
mode. The analytical column in this method was a Hypersil GOLD
PFP (503}, 3 um particle offering an alternative selectivity between
fluorinated isomers in reverse phase applications (Thermo Fisher
Scientific).

Briefly, the whole procedure consisted first with, loading the sam-
ple into the enrichment column using ultrapure water acidified at pH
4.5 with formic acid (adjusting the pH drop by drop with a pH meter
symphony VWR®). After the enrichment step, the analytes were
transferred to the analytical column for separation. The last step
was the equilibration in which the initial conditions were set for the
next run while the MS connector changes to waste. An illustrated
schedule of the operative modes can be seen in Fig. 2. The gradient
used is illustrated in Table 1. As can be seen in Table 1, the chromato-
graphic mobile phases consisted of (D} water 20 mM NH4Ac, and (E}
methanol 20 mM NH4Ac.

After separation, detection was carried out using a triple quadrupole
mass spectrometer Thermo Scientific TSQ Vantage (Thermo Fisher Sci-
entific, San Jose, CA}, equipped with a Turbo Ion Spray source. All the
analyses were performed operating in the negative electrospray ioniza-
tion (ESI (—)) mode. Acquisition was performed in selected reaction
monitoring mode (SRM) to obtain enough identification points (IP}
for confirmation of each analyte according to Commission Decision
2002/657/EC. The main m/z transitions are summarized in Table S3 of
the Supporting information.

For identification purposes the following conditions were
accomplished: i) analyte retention time in the sample compared to
analyte retention time in the calibration curve should be in agreement;
ii) two m/z transitions were confirmed for every analyte; iii} ratio
between the two transitions in the sample compared to ratio in the
calibration curve should be in agreement to [calibration curve aver-
age £ SD (calibration curve)].

The quantification of the samples by the off-line enrichment was
performed by external calibration curve using surrogate normaliza-
tion: the plot ratio of the most intensive transition peak area divided
with the surrogate standard area against the concentration.

For the assessment of matrix interference in the analysis matrix-
matched calibration curves and blank samples were introduced in
each run of analysis.

Fig. 3 shows an example of a real sample chromatogram, and an-
other example of a real sample using the offline procedure can be
shown in Figure 51 of the Supporting information.

2.4. Off-line solid phase extraction and instrumental analysis

The offline clean-up and enrichment was carried out using a pre-
vious protocol for PFASs extraction from different matrices (Llorca
et al., 2010) consisting of solid phase extraction (SPE) with anionic
exchange cartridges (Qasis WAX 3 cm’, 60 mg, from Waters), but in
this case, the method was modified in order to improve the retention
efficiency of PFPAs during the SPE step. A brief description is pres-
ented in Section 51 of the Supporting information.

2.5. Quality assurance and quality control

In order to eliminate the sources of contamination from the ana-
lytical system all the polytetrafluoroethylene (PTFE} tubing was
changed for polyether ether ketone (PEEK} connections. In addition,
to minimize the background signal and inter-run variability of all
analytes, an extra analytical column (C8 50x3 Thermo Scientific)
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2:T18,T34,T35 27: 89
3:T19,T24,725 28: 810
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5: 721,730,381 30: 812
6:122,T26,T27 31: 813

7: 723,128,729 32: 514

8: 736,137, E2 33: 815
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11: Ta2 36: 818
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13: T46,T47,E4 38: 820

14: T48 29 821

15: Tag 40: 8522

16: T50,T51 41:523

17 752,53 42: 524

18: T54.T58 43: 750,60
19: 81 44: T61,T62
20: 52 45: T63
21:83 46: T65,T66
22: 84 47: T67,T68
23: 85 48: T69,T70

.w.

Fig. 1. Sampling sites A) Germany and B) Spain.

was placed directly upstream of the injector to trap the instrumental
sources of analytes, as adapted from Flaherty et al. (2005).

In order to rule out any possible source of system contamination,
blanks consisted in initial conditions of mobile phase were analyzed
every 5 sample injections.

Ultrapure water was used as blank sample for optimization and
validation purposes. Spiking experiments were performed with ultra-
pure water, tap water and a wastewater effluent fortified at three dif-
ferent concentration levels (6, 12 and 24 ng/L). These samples were

analyzed prior to fortification in order to assess the initial concentra-
tions of PFASs, being in all cases below the method of limits of
detection.

For validation purposes of the online analytical approach, the in-
strumental limits of detection (ILOD) and quantification (ILOQ), the
method limits of detection (MLOD} and quantification (MLOQ), as
well as, decision limits (CCa) and detection capability (CCR), lineari-
ty, recoveries and precision according to the 2002/657/EC Decision
(2002/657/EC) were calculated. Details about the calculation of the
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analytical parameters of the method are reported in Section 52 of the

Supporting information., and a summary of the main analytical pa-

rameters are presented in Table 2.

3. Results and discussion

3.1. Optimization and analytical performance of the online enrichment
To optimize the enrichment of target compounds into the Hypersil

GOLD aQ column different solvents, flow rates and loading times

1) Loading mode

Autosampler

Quatemary

loading pumps

Y

OnLine
Injection valve

o

£ mL loop

Hypersil Gold a2

2) Eluting mode

Autosampler

Quaternary
loading pumps

4

- OnLine
; Injection valve

5mLloop

Hypersil Gold aQ

were studied. Based on previous experience, solvents tested were:
water, water acidified at different pHs (3.4, 4.5, and 9) and combina-
tions of water:methanol and water:water acidified in different pro-
portions (95:5, 90:10, 80:20, 70:30, 60:40 and 50:50), at different
flow rates (1.5, 1.75 and 2 mL/min} and during different loading
times (1.5, 2, 3, 3.15 and 3.5 min}. The best enrichment rates for
most of the compounds were achieved using water acidified with
formic acid at pH 4.5 and water at neutral pH (50:50) with a flow
rate of 1.75 mL/min during 3.15 min. Elution was accomplished
using the chromatographic composition of the mobile phase at initial

Quatemary

eluting pumps

a5
| Lo
(Hypersil GOLD PFP)

Quatemary

eluting pumps

N I
R
—% (Hypersil GOLD PFP)

Fig. 2. Scheme of online system: 1) loading mode and 2) eluting mode.
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Table 1
Chromatographic mobile phases used for turbulent flow chromatography and liquid
chromatography separation.

Time Loading pump MS valve Eluting pump
(min:s)
Flow % Flow Grad %
mumin) Gy ) © {mi/min) ) ®
0:00 175 50 50 Loading 04 Step S0 10
mode
3:25 0.01 100 Eluting mode 0.4 Ramp 90 10
4:55 0.01 100 Eluting mode 0.4 Ramp 20 80
9:55 050 100 Loading 04 Step 10 90
mode
15:25 050 100 Loading 04 Ramp 10 S0
mode
16:25 0.50 50 50 Loading 0.4 Step S0 10
mode

Loading pump solvents
(A) Water pH 45 acidified with formic acid
(B) Methanol
(C) Water.
Eluting pump solvents
(D) Water (20 mM NHaAc)
(E) Methanol (20 mM NH,Ac).

conditions consisting of methanol and ammonium acetate at 20 mM.
In order to avoid the possible carry over between samples, the extrac-
tion column was cleaned with methanol after every injection. The
total run time was 17 min.

The analytical parameters achieved using the online enrichment
procedure are reported in Table 2. As can be seen MLOQ were between
2.8 and 50 ng/L for acids, between 0.9 and 82 ng/L for sulfonates and
sulfonamides and between 1.2 and 3.3 ng/L for perfluorophosphonic
acids. In general, these values were much higher than the limits
obtained by the offline approach because of the pre-concentration fac-
tor (see Table 54 of the Supporting information). However, the MLOQs
achieved by the online procedure were good enough to be used as
rapid screening method according to the most restrictive recommencda-
tions, and the maximum premised levels established by the Office of
Water (OW) from the USEPA for PFOA and PFOS (400 ng/L and
200 ng/L (US Environmental Protection Agency, 2009, 2011a}, respec-
tively) and most of the other Health Based Values and/or advisory
guidelines for other PFASs: PFBA (1000 ng/L), PFHxS (600 ng/L), PFBS
(600 ng/L), PFHxA (1000 ng/L}, and PFPeA (1000 ng/L} (Mak et al,
2009; Minnesota Pollution Control Agency, 2007; US Environmental
Protection Agency, 2009). In addition, this new method has presented,
in general, better MLOQ than those reported by other online SPE ap-
proaches (Gosetti et al., 2010). In addition, the new method was proved
to be suitable for the analysis of low contaminated water, such as, drink-
ing water. Good level of recoveries and precision was obtained (Table 2}.
The precision of the online method expressed as intraday and interday re-
produdibility was, in both cases, below 24% and 28%, respectively.

3.2. Occurrence of PFASs in water

One of the sources of PFASs in drinking water is the contamination of
natural waters, however the contamination events that can be occurred
during tap water production, the contamination during bottling of miner-
al water or contamination from bottled materials should be considered.
To evaluate the possible contamination of surface waters, which are sus-
ceptible to be used for drinking water production by potabilization, dif-
ferent surface samples from Germany to Spain were assessed.

3.2.1. Occurrence of PFASs in German surface waters, water from PWTP
and WWTP

The analysis of surface waters from Germany was presented as main
compounds PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFDA, PFBS, PFHxS,

PFOS, PFHxPA, PFOPA and PFDPA. Table 3 presents a summary of
these results. The concentrations of PFASs were in the range between
0.04 and 63 ng/L where the higher concentrations were corresponding
to PFBA, PFHpA and PFHxPA. In addition, it should be mentioned that
PFHxPA and PFDPA were compounds detected for the first time in sur-
face waters, and PFHpA, the most recalcitrant, was found in the range
between 4.0 and 23 ng/L The presence of PFASs in surface waters was
consistent with the concentrations and the profiles found in the
WWTP effluents. For example, the effluents from the WWTPs located
in Beuerbach, showed a profile of compounds very much similar to
those found in surface waters, containing PFBA, PFPeA, PFHxA, PFHpA
and PFOA. PFHxPA was confirmed in treated effluents with concentra-
tions ranging between 15 and 35 ng/L, exhibiting the inefficiency on
the total removal of PFASs by conventional wastewater treatment pro-
cesses. Since PFASs are in surface water their occurrence was also
expected in PWTPs. Therefore, the presence of the 21 selected com-
pounds through different stages of the process at a German PWTP (sam-
plesP1, P2 and P3) was assessed. The first treatment, consisting on sand
filtration, showed that it did not remove some compounds (sample P3},
such as PFHpA, PFHxPA and PFDPA and in addition the concentrations
found were much higher than those in surface water with concentra-
tions of 1589, 53 and 19 ng/L, respectively. This factindicates a contam-
ination event during the treatment may be due to some pipes into the
plant although it was not possible to compare with the concentrations
in the influent water to PWTP. After the physical treatment, carbon
filtration is applied and a high diminution of the concentration of
some compounds was observed {sample P2}. After carbon filtration,
the concentrations were: PFHpA at 14 ng/L, PFHxPA at 46 ng/L and
PFDPA was completely removed. The final treatment is a biological
treatment consisting of the residence in wells for 6 weeks. After this
treatment (sample P1) and according to PFAS concentrations, the
quality of the water was adequate for human consumption, but
still with some residual concentrations such as PFHpA (17 ng/L),
PFOA (0.62 ng/L) and PFHxPA (27 ng/L}. The occurrence of PFHxPA
was showed in all the PWTP samples at low ng/L concentration
level, being the more frequent compound. In contrast, PFOA was
just found in one of the samples at low concentration. Fig. 4
shows the sum of concentrations in German surface water samples.
As it was expected the higher concentration of PFASs was found in
two of the most industrialized German streams (samples G-513 and
G-521).

3.2.2. Occurrence of PFASs in Spanish water

Samples from different Spanish locations were assessed. The anal-
ysis showed the presence of PFBA (70% of the samples}, PFOA (63%)
and PFOS (46%), which were the more frequent compounds followed
by PFPeA, PFHxA, and PFHpA. Just one of the 24 Spanish surface water
samples was found to be free of all the studied PFASs. One of the sam-
ples showed an extremely high concentration of PFOS (2709 ng/L).
However, this concentration was still 10 times lower than the pro-
posed maximum allowable concentration for PFOS and its derivative
salts in inland surfaces (32,000 ng/L), established this year by the Eu-
ropean Commission (European Commission, 2012). Fig. 5 presents
the accumulate concentrations of PFASs in Spanish surface waters.
As can be seen for of the samples, the sum of PFAS concentrations
were below 100 ng/L, although in some sites this value was much
higher. These sites were corresponding to highly industrialized
areas. The results show that the profile of compounds in surface waters
was in agreement with those found in the effluents of the WWTP. In
surface water, PFBA, PFOS and PFOA were the most frequently found
compounds and also those present at higher concentrations. However,
it should be remarked that the higher concentrations measured in sam-
ples from heavily industrialized areas indicated that the origin of this
contamination can be more related with industrial activity, than with
urban pollution.
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Fig. 3. Chromatogram of drinking tap water sample (T13).

Comparing these results with those from Germany, a different
profile was shown. Whereas, in Germany the more frequent analytes
were those with a short carbon chain, in Spain the prevalence of €8
compounds (PFOA in 63% and PFOS in 46% of analyzed samples)
‘was shown, as can be seen in Table 3. In contrast to the surface waters
from Germany, in Spain PFNA and PFDA were also found (with a max-
imum concentration of 213 ng/L), and in general trends were more
polluted. The main compounds in Spanish surface water were also
in agreement with those found into the effluents of WWTPs such as
PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnA, PFTTA,
PFHxS, and PFOS (with a maximum concentration at 501 ng/L}. Com-
pared to German effluent waters from WWTP, these last ones pres-
ented PFBA, PFPeA, PFHxA, PFHpA, PFOA and FOSA at quantifiable

levels but below the Spanish ranges in all the cases, with the excep-
tion of PFHpA (Table 3}.

3.2.3. Occurrence of PFASs in tap water

In order to assess the presence of PFASs in tap waters, a total num-
ber of 75 tap water samples were analyzed, 70 from Spain and 5 from
Germany. As can be seen in Table 4, the profiles of compounds found
in Spain were somewhat different from those found in German tap
water. In Spain a larger number of compounds were found in the
samples where the most frequent ones and those at higher concen-
trations were PFBA (52%), PFPeA (38%), PFOA (37%), PFBS (35%),
PFHxS (36%) and PFOS (51%). In the case of German tap waters,
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Table 2
Validation parameters.

MLOD MLOQ CCrx B %Recovery Precision (¥RSD)
(ng/L) (ng/L) (ng/L) (ng/l) 10ng/L 50 ng/L 100 ng/L Intraday Interday
(n=35) (n=35)
PFBA 78 26 94 620 - 83 34 16 25
PFPeA 11 38 13 720 - 42 38 23 25
PFHxA 74 50 31 6380 - 52 67 21 25
PFHpA 51 17 6.8 230 98 104 108 4] 22
PFOA 0.83 2.8 0.95 33 68 92 104 1 8
PFNA 18 6.3 20 37 51 77 104 5 20
PFDA 24 8.0 43 28 61 98 108 24 25
PFUdA 12 38 38 9.7 78 64 74 22 25
PFDoA 35 12 4.1 16 57 44 51 15 22
PFTTA 10 33 17 18 - 61 57 12 20
PFTeA 32 11 16 18 - 46 68 16 26
PFHXDA 10 50 25 140 - 68 57 18 26
PFODA 10 50 20 40 - 42 61 20 21
PFBS 2.5 8.2 16 27. 73 70 81 9 22
PFHXS 0.27 0.90 0.22 93 61 51 62 5 14
PFOS 0.39 13 0.81 2.7 70 111 103 10 26
PFDS 0.35 1.2 0.29 4.3 122 88 105 9 15
FOSA 0.50 1.7 15 5.4 101 126 104 12 24
PFHXPA 53 18 12 210 - 46 58 16 27
PFOPA 10 33 53 200 - 55 51 14 16
PFDPA 35 12 4.0 5.8 - 48 60 23 28

CCau: calculated according to 2002/657/EC guidelines when no reference material exists by the analysis of 20 tap water blanks.

CCP at 5%

PFHxXA (80%), PFHpA (100%) and PFOA (40%} were the more frequent
compounds. PFHpA was found in all the samples (Table 3).

In general, as in the case of surface river water, Spanish concentra-
tions were higher than those found in German samples, being PFOS
the most relevant compound (0.19-258 ng/L) with the presence of
PFBA, PFPeA, PFHXA, PFHpA, PFOA, PFNA, PFDA, PFBS and PFHXS (see
Table S5). However, PFHpA was more concentrated in German samples
(0.23-24 ng/L}. T12 and T13 were the most polluted samples with
258 ng/L and 158 ng/L of PFOS, respectively. These samples were from
two sites located in the same Spanish municipality. Due to the high con-
centration levels of PFOS in samples T12 and T13, it was decided to an-
alyze more samples from this municipality on February 2012. The
sample codes are facilitated in Table S1 from the Supporting informa-
tion. Along one week, three different points were analyzed every two
days. The results showed the same profile as in samples T12 and T13
(see Table S5 from the Supporting Information). The water is collected
in its majority from the Llobregat River, the Ter River and the aquifer.
Since the water supplied in Sant Feliu de Llobregat has the same origin
than other locations induded in this study, showing lower concentra-
tions of PFASs, the contamination in this case can be associated to
pipes or the containers used during water transport and storage. Anoth-
er important factor is the distance from the village. Sample T-SFL 3 was
collected from the outside of the city and, even though the samples
showed the same profile as the other two sampling sites, the concentra-
tion levels were much lower but still higher compared with the rest of
Barcelona metropolitan area

On the other hand, some tap samples from Spain showed PFOPA
(1.1-25ng/L) and PFDPA (8.2-23ng/L) with these compounds
being identified for the first time in tap water. PFDPA was also
found in German tap waters as can be seen in Table 4. In general, it
was shown that samples from the same area presented similar profile
and concentrations, indicating a possible source of contamination
during the tap water production into the plant. Detailed information
on the concentrations of the samples is given in Table S5 of the
Supporting information section.

Two different well waters were also included in this study, from
two different sites from the North of Barcelona metropolitan area.
PFOA was the only compound found in both samples, at 1.3 and
22 ng/L. The presence of this PFAS could be associated to their oc-
currence in precipitation waters and the post filtration in soil, in

agreement with previous works (De Silva et al.,, 2009; Gellrich et
al, 2011).

3.24. Occurrence of PFASs in bottled water

Finally, 6 different commercial brands of bottled mineral water
were analyzed. The occurrence of PFASs was found in two of the six
brands. The concentration of PFHpA in these samples was 6.6 and
12 ng/L, and one of them contained also PFOS at 1.0 ng/L (Table 4).
The positive samples corresponded to the two German mineral wa-
ters and could be hypothesized that the origin of PFHpA is the plastic
of the bottles, although there is no available data to confirm it. These
results were a little bit higher than those reported by a previous pub-
lication by Ericson et al. (2008).

3.3. Human exposure associated to drinking water

In January, 2009 the United States Environmental Protection Agency
(US Environmental Protection Agency, 2011b) set short-term provi-
sional health advisory-based concentration for PFOA and PFOS of 400
and 200 ng/L (US Environmental Protection Agency, 2009, 2011a}, re-
spectively which was determined to be protective in a short-term expo-
sure scenario (acute toxicity). However, there is no available data
regarding the continuous exposure to PFAS (chronic toxicity). Later,
other health-based values were suggested as for example: for PFHxS
at 600 ng/L, for PFBS at 600 ng/L, for PFHXA at 1000 ng/L, and for
PFPeA at 1000 ng/L (Minnesota Pollution Control Agency, 2007; US
Environmental Protection Agency, 2009). It is also important to note
that PHA and HA levels are recommendations only and not regulations
and concentrations cannot be enforced by US law. According to these
values the majority of the samples may not pose an immediate health
risk to consurners, with an exception of 2 of the samples (T12 and
T13} where concentrations of PFOS exceeded the Provisional Health Ad-
visory level However, the long time exposure, which is especially rele-
vant for drinking water should be considered. For example, Post et al.
(2009} using a risk assessment approach have set the health-based
drinking water concentration protective for lifetime exposure of PFOA
at 40 ng/L This value is 10 times lower than the one for short-term ex-
posure. In a rough approximation, if we consider that long-life exposure
values are around 10 times inferior to those for short-time exposure,
then for PFOS the value for long-time exposure would be set around
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Fig. 4. Results of PFASs in German surface waters. Sum of concentration levels of PFASs at ng/L. In the case of codes 1,4 and 5 the results corresponded to the average of the sum of

concentration levels of PFASs in the samples of these areas.

20ng/l, and in this study 16 of the samples presented higher
concentrations of PFOS. On the other hand it is important to consider
the total sum of compounds, the German Drinking Water Commission
established the provisional health advisory a value sum of PFOS and
PFOA for short time exposure at 300 ng/L, but currently a maximum
value of the total sum of PFASs is required for both, long and short-
term exposures. Again if we extrapolated the short life exposure values
as 10 times lower than those set for long time exposure then the sum of
PFOS and PFOA in long life exposure should be set at 30 ng/L and then
11 samples of this study would be considered under risk. Due to the dif-
ferences in health-based concentrations for humans, further research is
highly required for complete risk assessment of human exposure
to perfluoroalkyl substances.

4. Conclusions

An online LC-MS/MS method for the analysis of 21 PFASs in differ-
ent waters has been developed allowing good quality parameters and
it can be applied with screening purposes due to the low MLOQ for
the wide range of compounds.

Different water matrices including mineral bottled water, tap water,
surface river water, and effluent water from WWTP and water from dif-
ferent steps of PWTP have been screened by online LC-MS/MS and then
extracted by anionic SPE and analyzed by off-line LC-MS/MS.

The assessment of PFASs in real samples showed that perfluoroalkyl
acids in all water types, especially PFBA, PFHpA, and PFOA as well as the
sulfonate PFOS in almost all analyzed matrices were the most frequent.
The highest concentration levels were found in surface river waters and
water from effluent WWTPs with the exceptions of drinking tap water
samples from Sant Feliu de Llobregat (T12, T13 and T-SFL 1-3}, which
presented values higher than 150 ng/L of PFOS. Another interesting re-
sult has been found in the effluent of the sand trap (P3) from the PWTP
which contained incredible higher levels of PFHpA (1589 ng/L). The
presence of PFPAs has been assessed for the first time in Germany and
Spain.
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Fig. 5. Results of PFASs in Spanish surface waters. Sum of concentration levels of PFASs at ng/L.

to acknowledge her short term research grant “Environmental Thermo Fisher is acknowledged for the gift of LC columns.
ChemOinformatic - Marie Curie Initial Training Network" (ECO-ITN) The authors would like to thank the collaboration of different
(PITN-GA-2009-238701). Prof. Barcelo acknowledges King Saud Universi- SCARCE partners, lab staff, friends and family who helped them
ty (Riyadh, Saudi Arabia} for his contract position as Visiting Professor. during the sampling collection.
Table 4
Concentration of PFASs in mineral bottled waters and tap waters from Germany to Spain.
Mineral bottled water
PFHxA PFHpA PFOS
German mineral bottled water (n=2) Average ng/L 0617 12 1.0
SD ng/L 7.4
Median ng/L 0.17 12 10
Maximum ng/L 0.17 17 1.0
Minimum (MLOQ) ng/L 023 0.23 0.04
% of positive samples 50 100 50
Spanish mineral bottled water (n=4) Average ng/L <MLOQ <MLOQ <MLOQ
SD ng/L
Median ng/L
Maximum ng/L
Minimum (MLOQ) ng/L 0.23 0.23 0.04
% of positive samples ] () o
Tap water
PFBA  PFPeA  PFHXA  PFHpA  PFDA  PFNA PFDA PFBS PFHXS PFOS PFOPA PFDPA
German tap water  Average ng/L 04 1.2 0.9 9.2 13 <MLOQ <MLOQ <MLOQ <MLOQ o4 <MLOQ 10
(n=5) SD ng/L 0.6 8.8 0.8
Median ng/L 0.7 76 13
Maximum ng/L 04 1.2 1.8 24 1.9 04 10
Minimum (MLOQ) 24 0.76 0.23 0.23 016 003 0.19 0.11 0.06 co4 12 1.7
ng/L
% of positive 20 20 80 100 40 o] 0 o 0 20 4] 20
samples
Spanish tap water  Average ng/L 10 38 47 8.1 6.7 44 22 83 38 48 8 14
(n=84) SD ng/L 6.7 4.7 38 55 83 6.5 L5 9.7 . 82 10 63
Median ng/L 10 1.7 30 108 28 0.8 23 24 0.4 7.0 45 11
Maximum ng/L 27 17 11 16 35 22 47 36 28 258 25 23
Minimum (MLOQ) 24 0.76 0.23 0.23 0.16 0.03 0.18 011 0.06 .04 12 1.7
ng/L
% of positive 52 38 18 13 37 32 8 35 36 51 6 6
samples
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2012.05.011.
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S1. Off-line solid phase extraction

Off-line sample extraction procedure was based on solid phase extraction (SPE)
followed by LC-MS/MS analysis. SPE procedure was based on the adaption of a
previous published method by Llorca et al. [34] with anionic exchange cartridges (Oasis
WAX 3ce, 60 mg, from Waters). In this case, the method was modified in order to
improve the efficiency of PFPAs during SPE. The optimized conditions were: 1)
conditioning: 2 x 2 mL of methanol, 2 x 2 mL of mihiQ water; 11) loading: 150 mL of
surface river water and water from WWTP and PWTP (250 mL of bottled water, tap

water and well water) at 1 mL/min and dried under Nj; iii) elution: 2 x 2 mL of

Triplicates of a blank of miliQ water (250 mlL) were extracted in parallel in
order to discriminate any possible cross contamination. All the solvents used during

extraction and clean-up procedure were alse analyzed.

Extracts were analyzed by LC-(QqQ)-MS/MS. In Spain, the analysis of the
extracts was performed with the same LC-MS/MS system exposed before coupled to
the on-line enrichment module, but in this case operating off-line. Therefore, the same
analytical column and instrumental conditions. For the analysis performed in Germany
small modifications were introduced, due to instrumental differences. In the analysis
conducted in Germany the chromatographic separation was achieved using an MZ-Aqua
Perfect C18 (Sum, 50 x 2.1 mm) column in a HP HPLC chromatograph (Norwalk, CT,
USA). The mobile phases composition consisted in (A) Water: Methanol (95:5) 5 mM
Ammonium acetate and (B) Water: Methanol (10:90) 5 mM Ammonium acetate. The
elution gradient conditions for the L.C mobile phase started with 70% of A and it was
maintained isocratic during 0.5 min, then it was decreased to 20% during 1.5 min. and
raising to 10% in 4 min. more holding for 0.5 min. more. Initial conditions were reached
in 1.5 min. and re-equilibration was 6 min. The flow rate was kept at 0.4 mL/min
throughout the total chromatographic run of 15 min. The sample injection volume was
set at 5 pl. The chromatographic system was coupled to a QqQ mass spectrometer API
2000 (Applied Biosystems, Foster City, CA, USA) using a Turbo Ionspray interface in

electrospray negative mode. The whole system was controled by Analyst 1.5 software.
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Using the off-line approaches acquisition was performed also in SRM mode
according to the Decision 2002/657/EC. The same m/z transitions summarized on table

53 from the Supporting Information were also used for the off-line methods.

When off-line samples are analyzed, an an extra C8 analytical column before
injection was used in order to delay PFAS from the system. An example of blank spiked

with a mixture of surrogates internal standards can be seen in figure S1.

$2. Quality Assurance and Quality Control

Selectivity For identification purposes, retention times of PFASs in the standards
and in the samples were compared at a tolerance of £2.5%. Moreover, in accordance
with the 2002/657EC Decision, the relative ion intensities (each product ion area signal
versus the base product ion area signal) of the spiked samples were compared with the
relative ion intensitics of PFASs standard solutions, at the same concentration levels as

used for the construction of the calibration curve.

Limits of detection, limits of quantification and decision limits The values of
mnstrumental limits of detection (ILOD) and the mnstrumental limits of quantification
(ILOQ) were obtained by injection of standard solutions in a mixture water and
methanol with the same pH and composition of the mobile phase at initial conditions of
the chromatographic separation. ILOD were determined at the minimum detectable
amount of each compound with a signal-to-noise ratio of 3. Criteria for ILOQ was
established as the lowest concentration fulfilling all of the following criteria: (1) bias
from the calibration curve less than 25%, (2) relative standard deviation of four
replicates below 19%, (3) peak shapes aceeptable, and (4) signal-to-noise ratio at least

8.

Recoveries, linearity range, precision, accuracy, method limit of detection
(MLOD) and method limits of quantification (MLOQ) were performed by spiking
experiments using fortified blank samples at 6, 12 and 24 ng/l. consisting in ultrapure
water, tap water and treated wastewater. MLOD were calculated as the minimum
concentration of target compounds that can be measured according to previous criteria

for ILOQ), analysing the blank samples fortified in decreasing concentrations.
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Decision limit (CCa) and detection capability (CCP) were evaluated in drinking
water by off line and on line methods according to the 2002/657/EC Decision
(2002/657/EC). CCa was calculated by analysing 20 blank samples and measuring the
signal to noise ratio at the time window in which the analyte would be expected in case
to be present. Three times the signal to noise ratio was used as the decision limit with a
5% certainty. CCP values were obtained from the analysis of 20 blank samples fortified
at 6 ng/L in off line methodology and at 10 ng/L. in on line methodology (near to CCa
concentration for all the analytes). The corresponding concentration at the CCa value
plus 1.64 times the standard deviation of the within-laboratory reproducibility of the

mean measured content at the decision limit equals the detection capability (B = 5 %).

Linearity The range of lincarity was defined by plotting the peak area ratio of
the PFASs to the IS versus PFC concentration. The following criteria for linearity range
were applied: linear regression with a correlation coefficient better than 0.990, and RSD
of four replicates less than 25%. In the present approach, calibration curves presented
good linearity ranges and correlation coefficients (R?) higher than 0.9994 in all cases,
and were used for confirmatory purposes. Quantification was performed by internal

standard addition.

According to the 2002/657/EC Decision, since no certified reference materials
were available for the analytes and matrices of interest, the recovery from fortified
samples was measured as an alternative to trueness. Each type of blank sample was
spiked in quintuplicate as previously described with the PFASs at threc levels of

concentration.

Recoveries and Precision Recoveries and precision were calculated according to
the 2002/657/EC Decision (2002/657/EC). MihiQQ water (250 mL), tap water (250 mL)
and effluent water (150 mL) were spiked in quintuplicate with the PFASs at three levels
of concentration (6, 12 and 24 ng/L) with the mixture of standards in methanol and
mixed in an orbital digester 30 min in order to ensure the appropriate distribution in the
matrix for the off line extraction. Then, the samples were processed as has been reported
before. For the assessment of all the mentioned parameters, the analyte response was
always related to the internal standard response (labelled PFASs and CI-PFHxPA added
just before injection at 5 pg/IL (final concentration)) to compensate undesirable matrix

effects. In the case of on-line enrichment, recoveries were calculated by spiking 5 mL of
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blank tap water at three different levels (10, 50 and 100 ng/L); the extraction was
carried out as has been described before. Precision, expressed as repeatability, was
calculated by repeated analyses on the same sample scts at the same spiking levels
during the same day (intraday repeatability) and different consecutive days (interday

repeatability).
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Table S1: Sampling sites and codes of mineral bottled water and tap water.

Water Type Origin Code Water Type Origin Code
@011} B1 Port de Sagunt (2011) T42
) @011y B2 Sucea 1 (2011) T43
. Spain
Mineral (2011) B3 Sueca2 (2011) T4
Bottled
water (2011) B4 Sucea Sales (2011) T45
@011y BS Algira 1 (2011) T46
Germany <
(@011) B6 quer Algira 2 (2011) T47
River Basin
Barcelona city (2011) T1 (Spain) Naguera Moncada (2011) T48
Barcelona city (2011) T2 Gilet (2011) T49
Barcelona city (2011) T3 Requena Norte (2011) T50
b TA T 31
3 T4 Ts1
Barcelona city (2011) TS Cuenca Sur (2011) T2
Barcelona city (2011) T6 Cuenca Norte (2011) T53
Barcelona city (2011) T7 Valencia city (2011) Ts4
Barcelona Barcelona city (2011) T8 Valendia Valencia city (2011) T55
metropolitan Bareelona city (2011) T9 Metrop olitan Valeneia city (2011) T56
area (Spaim) Canyelles (2011) T10 area (Spain) Valencia city (2011) Ts7
Hostalets de Pierola (2011) Tl Potable Tap Valencia city (2011) Ts8
Sant Feliu de Llobregat 1 (2011y* | T12 Water Linares 1 (2011) T 59
Sant Feliu de Llobregat 2 (2011)* | T13 Linares 2 (2011) T60
Badalona 1 (2011) T4 Sanliiear de Barrameda 1 2011y | T61
Mataré 1 (2011) T15 Sanlicar de Barrameda 2 (2011) T62
Matars 2 (2011) T16 S Andujar 1 (2011) T63
Badalona 2 (2011) T17 River Basin Andujar 2 (2011) To4
Miranda ds Ebro (2010) T18 (Spain) Ecija 1 (2011) T65
Logrofio (2010) T19 froija 2 (2011) T66
Pamplona (2010) T20 Sevilla 1 (2011) T67
Potable Tap Zaragoza (2010) T2 Sevilla 2 (2011) T68
Water
Licida (2010) T22 Cérdoba 1 (2011) T69
Tortosa (2010) T2 Cordoba 2 (2011) T70
Logrofio 1 (2011) T Tdstein (2011) 7
Logrofio 2 (2011) T25 Frankfurt 1 (2011) TR
- Hesse
Ebro River Basin Lleida 1 (2011) T26 (Germany) Frankfurt 2 (2011) TT3
(Spain) Lleida 2 (2011) T27 Frankfurt 3 (2011) T74
Tortosa 1 (2011) T28 Wicsbaden (2011) T75
Tortosa2 (2011) T29
Zaragozal (2011) T30
Zaragoza2 (2011) T3
Pamplona 1 (2011) T3 Water Type and Origin Code
Pamplona 2 (2011) T33 Sant Feliu de Llobregat 1 (2/6/2012) T-SFL 14
Miranda de Ebro 1 (2011) T34 Sant Feliu de Llobregat 1 (2/8/2012) T-SFL 1B
Miranda de Ebro 2 (2011) T35 Sant Feliu de Tlobregat 1 (2/10/2012) T-SFL 1C
Tgualada 1 (2011) T36 fr:‘:nws‘:;: Sant Feliu de Llobregat 2 (2/6/2012) T-SFL 24
Tgualada 2 (2011) T37 Feliu de Sant Feliu de Llobregat 2 (2/8/2012) T-SFL 2B
: Llobregat -
Liobregat River Manresa 1 (2011) T38 oL ega Sant Feliu de Llobregat 2 (2/10/2012) T-SFL 2C
Basin (Spain)
(Spaim) Manresa 2 (2011) T39 Sant Feliu de Llobregat 3 (2/6/2012) T-SFL 34
Mattorell 1 (2011) T40 Sant Feliu de Llobregat 3 (2/8/2012) T-SFL 3B
Martorell 2 (2011) T4 Sant Feliu de Llobregat 3 (2/10/2012) T-SFL 3C

* Tap water from Sant Feliu de Llobregat was analyzed from three different points every two days along
one week. Sample codes are summarized in the table above, on the right side.
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Table S2: sampling sites and codes

Water Type Origin Code Water Type Origin Code
potable cffluent water P1 Effluent Water Valencia (Spain) Alberique (Alcira) 2011) | SE1
‘Water from WIH‘ d charcoal h(f:;;e)mt effluent from WWTP

PWTP (Ger‘::"ny) 2011 P2 Catalonia (Spain) Igualada (2011) SE2
sand trap effluent (2011) P3 Navarra (Spain) Pamplona (2011) S-E3

Wli{f:r";::m (Gi{r;i:‘ " Beuerbach 1 (2011) GE1l Well Water Barcelona metropolitan Mataré 1 (2011) W1
WWTP Beuerbach 2 (2011) G-E2 area (Spain) Mataré 2 (2011) w2
27.12.2010 - 03.01.2011 G-51 Xuquer river 1 (2011) $-51

Small stream, 13.12.2010 - 20.12.2010 G-52 Xaguer tiver 2 (2011) 5-52

agri cultural 21.11.2010-29.11.2010 | G-83 Xiiquer River Basin Xoquer river 3 (2011) | $-83

sontribution 01.11.2010 -08.11.2010 | G-84 (Spain) Cabriel river 1 (2011) §-84

06.09.2010 - 13.09.2010 G-85 Cabriel river 2 (2011) 5-55

Agricultural influenced stream (2011) G-56 Magro river (2011) 5-56

Agricultural influenced stream (2011) G-87 Anoia river (2011) .87

Agricultural influenced stream (2011) G-58 Llobregat river 1 (2011) 5-58

Agricultural influenced stream (2011) G-59 Llobregat river 2 (2011) 5-59

Agricultural influenced stream (2011) G-510 Llobreg(;tpl:‘.li'z)er Basin Llobregatriver3 (2011) | 5-510

(s;:::::: Agricultural influenced stream (2011) G-511 Cardenerriver1 (2011) 5-511
River Agricultural influenced stream (2011) G-812 Sr;i':i:rh;';f;“ Cardenerriver2 (2011) | $-812
Water Industrial influenced stream (2011) G-513 Martin river (2011) $-813
GS::;?) o | Agricultural influenced stream (2011) G814 Ebro siver1 2011) | $-814
Agricultural influenced stream (2011) G-815 Ebro river2 (2011) $-815

Agricultural influenced stream (2011) G-516 Ebro tiver3 (2011) 5-516
Agricultural influenced stream (2011) G-517 Ebro river4 (2011) 5-517

Agricultural influenced stream (2011) G-518 Ebro river 5 (2011) 5-518

“Agricultural influenced stream (2011) G-519 Ebro (l;:“:i"n)“’“i“ Zadorrariver (2011) | S-519

Agricultural influenced stream (2011) G820 Matarranya river (2011) | $-520

Industrial influenced stream (2011) G-521 Segre river (2011) $.521

Agricultural influenced stream (2011) G-522 Najerrilla river (2011) 5-522

Agricultural influenced stream (2011) G-523 Huerva river (2011) 5-523

Agricultural influenced stream (2011) G-824 Arga river (2011) 8-824

* The sampling points can be seen in figure 1A
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Table S3: Mass / charge transitions

Analyte - = m/z — — —
Precursor ion 1" transition 2" transition
PFBA 213 169 119
PFPeA 263 219 69
PFHxA 313 269 169
PFHpA 363 319 169
PFOA 413 369 169
PFNA 463 219 169
PFDA 513 469 169
PFUdJA 563 519 169
PFDoA 613 569 169
PFTeDA 713 669 169
PFHxDA 813 769 169
PFODA 913 869 169
PFBS 299 80 99
PFHxS 399 80 99
PFOS 499 80 99
PFDS 599 80 99
PFOSA 498 78 498
PFHxPA 399 79 399
PFOPA 499 79 499
PFDPA 599 79 599

1* transition: quantification ion
2™ transition: confirmation ion
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=4 DOTN> [ (D11 QOTA> | AOTA> | dODA> | DOTW> | dome> | (eD 1t | doma> | QoTi> | dOTe | AOTN> | dOTA> | QOTH> | DOTH> @0 @®6¢ QOTA> | AOT> | @L0 @o1 gl
00 20TA> | oDUr | domtr | @oDUs | aomws | aome | domts | @omws | aoTie | @omis | oD | dOTU | doDA» | 40D | OOTN | doDUs | 20D | Q0T | 00D | doDUs | Dome | oLl
65 voT> | Wos | coma> | aomu> | domax | @sz © 010 @gg | o> | gomu> | oD | AOTA> | AOTW> | @oDa> | doTA> | Gnotl | ¢Drs | qoTMe | domu> | Do | (Dge 91
0z DOTN> | DOT> | AOTU> | AOTU> | AOTA > ©11 DOT> | DOTH> | AOTA> | QOTW> | QO | AOTA> [ AOTA> | Qo> | DOTN> | AOTU= | (Wit Qo> | DOT> | DOTH> [GFA] <l
gL OOTA> | DOTW> | qoT> | doTs | @D | domae | o | DoDA> | 0T | oW | 4o | GO | QOTR> | QOTW> | DO | o | et [CERS woe | aomas | vomee | vl
65 @es | doDi> | aom> | aoms | aomix | Gpsr | dows | GDer | aomus | @omis | qoDw | aomus | doTu> | Q0T | DoDa> | oD | GDsv | aomus | vomix | @vwe ®s8r €1
43 @8 sy QOTN> | AOTA> | Q0T > [OX41 DOTI> | DO | AOT> | Q0> | QO | AOTA> | QOT> | TOTH> | DOTA> [GX] @ s TQOTH> | DOTH> | DOT> | DOTHI> [
€1 ooT> | DoTW> | aomas | qomus | aomwe | Gna | aomus | domus | acmis | aomus | aomw | aomas | domas | domMs | domas | (9co | doDas | domms | doDus | bomas | doms | 11
g9 ooTA> | AOTW> | aomas | doTU> | BOTW | doTas | domus | @oTW | doTAs | o | DOTM> | DOTA> | DOTA> | AOTM> | AOTA> | DODU> | doTM> | @Doe | boDUs | DomUs | Domus | 99
81 ooTU> | AOTW> | aom> | doTU> | toDi> | Gnzol | dowrs | oAU | acTU> | doTN> | CODU> | AOTA> | AOTA> | DOTH> | DOTN> | DODU> | domr> | @1 | vomis | Domr> | doms | ca
00 20TA> | 0ODU> | QOTT> | QODU> | AOTW> | @D | @oDUs | aoTW» | aoTr | @oTN» | oD | AT | doDA» | doT> | OOTNA | doD» | 20D | aoTNA | oD | doDTs | a0 | ra
00 ooT> | boDU> | domw> | @omU> | @oTW> | aomas | qomus | @aomw> | aoTas | doTu> | doDT | AOTA> | AOTA> | dOTM> | DOTA> | AODU> | D0TA> | QOTN> | dODA> | doTU> | DoTN> | c9
00 voTu> | boDU> | dom> | @omUs | @0 | aomas | qomus | aomw» | aoTs | domu> | doTw | AOTA> | dODA> | dOTW> | DOTN> | doDU> | DoDU> | QoD | doDU> | domus | doms | zE
00 20> | ©oDUA | doTtr | @oDUs | @omW | aome | aomts | @omws | aoTie | @oDN» | doDw | AOTA | d0TA» | dOT> | OOTN | AT | d0DT> | QoD | doDAs | doDTs | aomis | 1|
[1Xd] DOTA> | DOTW> | QoTT> | QoDT> | @OTW> | @Dt | doDUs | a0TW> | aoT> | 40N> | oD | AOTAA | AOTA> | JOTW> | DOTNA | dOT> | d0DA> | QOTHA | S0DA> | 4o | a0 | T

L0 Vddid | vd0dd | VdXHAd VS04 SaId SOdd SXHId SdId VA0dd | VIEHId | VALdd ViLId Voaid | vundd Vaidd VNId Yoid vaHId | VXHAd Vodad vaid 3pod
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2. Environmental Occurrence

fa DOTH > | DO | AOTH> | DO | DOTA> | DOTW> | DOTW> | DODL> | doT> | DoDas> | Do | DOTA> | DOTN> | DOTW> | DOTA> | DOTA> | DOTN> | DODU> | DOTA> | Do | (Der | sl
91 DOTH > | DO | AOTH> | DOTA> | DOTA> | DO | (D9s00 | DoDLs | Ao | doDas> | DODA> | DOTA> | DO | DODU> | DOTA> | DOTA> | DOTN> | DODU> | DOTA> | doTs | (@91 | oL
k4 DOT> | DOTN> | AOT> | DOTT> | DOTA> | DoT> | GDolo | domi> | domi> | oDa> | doDI> | DOTU> | DOTU> | DODU> | DOTI> | DOTU> | DODI> | DODU> | DOTI> | doTM> | (Dez | scL
14 AoDL> | QOTA> | doT> | DODA> [ BODA> | DODU> | DODU> | dOTM> | doTa> | DoTW> | domus | DODA> | oD | (PLzLo | (PTL0 | DoT> | DoDa> | DOoDU> | DODU> | o> | (est | scl
<1 DOTI> | DOTA> | AOT> | DOTH> | DOTA> | DOTA> | LOTN> | DOTH> | AoTi> | o> | DOTH> | DOTA> | LOTT> | LOT> | DOTN> | OTA> | DOT> | DOTU> | LOTA> | LOTH> ©ct ¥5 L
00 Qo> | QOTU> | AoTA> | DOTU> | DOTH> | DOTN> | DODN> | DOTA> | aoDi> | DoT> | DOTU> | DOTH> | DOTU> | DOTU> | DOT> | DOTH> | DOTN> | DOTU> | DOTU> | DOTH> | DOTH> | €51
00 DOTN> | DOTN> | AT | DOTA> | DOTA> | DOTA> | DOTU> | DOT> | AOTH> | DOTH> | DOTA> | DOTA> | DOTU> | DOTA> | DOTH> | DOTA> | DOTA> | DOT> | DOTA> | DOTH> | DOTH> | 261
00 DOTN> | DOTN> | AT | DOTA> | DOTN> | DOTA> | DOTN> | DOT> | GOTM> | DOTM> | DOTA> | DOTA> | DOTN> | DOTA> | DOTH> | DOTA> | DOTA> | DOT> | DOTA> | DOTH> | DOTN> | 151
00 QOTN> | DOTN> | AT | DOTA> | DOTA> | DOTA> | DOTU> | DOT> | AOTM> | DOTM> | DOTA> | DOTA> | DOTN> | DOTA> | DOTH> | DOTA> | DOTA> | DOT> | DOTA> | DOTH> | DOTA> | 05 L
82 o> | DO | AoTH> | oD | DOTA> | @6t | (€Dozo | Wel | domwr | DoDas | oDAr | DOTA> | DOTN- | DODU> | DOTN> | DoTM> | (90T | DODUr | (@8s0 | Gieso | Epst | srl
Sl DOTH > | DO | AOTH> | DOTA> | DOTA> | eDeLo | DoDU> | DOoDAs | doT> | doDas> | DoDA> | DOTA> | DOTN> | DODU> | DOTA> | DOTA> | DOTN> | DODU> | DOTA> | doTH> | ®os0 | 8rl
6L aoTi> | DO | AOTW> | DOTH> | DOTA> | ODie (se @n1e | adoms | doDus | doTW> | DOTA> | DOTA> | DODU> | DO | (Desa @89 @sso | (aDe1 | €D W1 L
<9 o> | DO | Ao > | DOT> | DOTA> [ (Dee @8z @z | aoDI> | 20> | DOTH> | DOTU> | DODU> | DOTU> | doDI= | GDoLo | Do | doDU> | Wt o1 | Gnst |srl
EX Ao > | aOT> | doTi> | doTTs | DOTA> | @oe | Gpezs | Dzt | domas | aopas | doDis | D0TH> | DOTU> | 00DU> | DOTI> | DOTU> | DOTU> | DODU> | DOTU> | DO | DOTU> | shl
Ll oo | aoT> | doDi> | doDi> | Do | (s @16 [OFA1 acDi> | doT> | doT> | DOTA> | DO | DODTU> | DOTA> | DOTH> | DOTU> | DOTU> | DOTI> | DODU> | DOTA> | vF 1
81 2o > | DOT> | AoDU> | DoDU> | oD | @y (3331 Dyl | aois | Do | doTU> | DOTAE | DOT> | DOTU> | DOTH> | DoTU> | o> | DOoTU> | DoTs | domus | Gl | vl
3 DO > | DOT> | AOTU> | DOT> | DOTA> | DOTN> | w0 | 0Ta> | aomi> | DoT> | Do | DOTN> | DOoTH> | (gweco | (D90 | DOTH> | DOTN> | DOTU> | DOTU> | DOTU> | GOl | 2rl
¥l DOTN> | DOTN> | dOT> | DOTA> | DOTA> | Dozo | ©)ol0 @ o | aomis | oD G1og | DOTA> | DOT> | DOTU> | DOoTN> | @cLo | DODN> | DOTN> | DOTH> | (EDOT Gnor | vl
4t DOTN> | DOTN> | AT | DOTH> | DOTH> | Dvzo | GDsoo | (Dot AOTH> | DOTH> | DOTA> | DOTA> | DOTN> | DOTA> | DOTH> | (WSO @1 DOTN > | GDov0 | @Dl @re |ora
Y€ DOT> | @O | dOTH> | OOTA> | DOTA> | DOTN> | DODU> | DOTM> | AoDU> | DOTN> ©zr | DOTT> | DOT> | DOTU> | DOTU> | (P90 | DOTA> | DOTA> | DOTN> | (LDsT ©w | sl
91 aoTi> | DO | dOTH> | OTA> | DOTA> | (D610 | DoDU> | DOTA> | doT> | BoDa> | DODA> | DOTM> | DOTN> | DODU> | DOTM> | (Wsro | Gsyo | DO | DOTN> | () T€ wer | sl
1L o> | DO | o> | DoTAs | DOTA> | DOT> | DODU> | DoDa> | doDus | doDas ©6e | DO | DO | DOTU> | DOTH> | DOTN> | DOTA> | DoT> | DOTT> | BD1T @1 | e
87 aoT> | DO | AOTH> | DOTA> | DOTA> | DOTW> | OODU> | DOTA> | AoDU> | DoDA> | DOTU> | DODA> | DOTU> | DODU> | DOTN> | DODA> | DOTA> | DO | DOTN> | (D61 | (Drs0 | 9el
or DOT> | DOTH> | AOT> | DOTT> | DOTA> | DOTA> | DODU> | DODI> | AXTI> | DOTA> ©ce | 20> | DOT> | DOTU> | DOTU> | DOT> | DOTA> | DOTI> | DODTT> | (6D €0 | DOTA> | s£1
00 DOD> | DOTU> | doTH> | DODA> [ BODA> | DOTU> | DOTU> | boT> | daoTa> | doDa> | doDa> | DODA> | DOTU> | dOTU> | DOTU> | DOTN> | DODA> | DODU> | DODU> | BOTM> | DOTA> | ¥l
k4 DoD> | @aoTU> | doT> | DOTA> | SoDA> | DOTI> | DOTU> | boT> | oD > | doDa> | doDA> | o> | DOT> | DOTU> | dOoDU> | dODA> | DoTM> | DOT> | DOTI> | (S1) 90 Gee €l
6% Ao > | QO TA> | doT> | DODA> [ SoDA> | DOTI> | DOTU> | boT> | doDu> | doTa> | doDas> | o> | DOoT> | DOTU> | doDu> | doDu> | doDu> | o> | DOTI> | (D1s0 uve Jzed
s DOTI> | DOTA> | AoTU> | DOT> | DOTA> | DOTI> | DODTU> | DOTH> | AoTM> | DoTM> | DOTN> | DOTU> | DOTN> | DOTU> | DODI> | DOTU> | DOTA> | LOTN> | DODTU> | (SDST ©@or el
1 QoD > | DOTN> | Ao | DOTN> | DOTA> | DOT> | DOTN> | DOT> | QoDi> | DOTN> | DOTA> | DOTN> | DOTN> | DOTN> | DOTU> | DOTN> | EDEPD | DOTM> | DOTU> | (DS (eeg ocl
00 oT> | DOTA> | dOT> | DOTA> | DOTA> | DOTA> | DOTN> | DOTA> | AOTM> | DOTH> | DOTA> | DOTA> | DOTN> | DOTA> | DOTH> | DOTA> | DOTA> | DOT> | DOTA> | DOTH> | aOTH> | s21
90 o> | DO | doTH> | oD | DOTA> | (®910 | doDU> | DODN> | doTM> | DoDN> | DOTA> | DOTA> | DOTU> | DODU> | DOTH> | DODA> | DODU> | DOTN> | DOTN> | (B €90 | BODN> | 82l
S0 DO > | AOT> | doTW> | DOTA> | AOTA> | DOTN> | ooDU> | o> | dopus | doDus | bomas | DODA> | DOTU> | DODU> | DOTN> | DoDA> | DoDU> | DO | DOTN> | (D +s0 | doDU> | Lel
Le DOTM> | DO | AOTM> | COTA> | AOTA> | DODN> | DODU> | DOTN> | AoDY> | doDu> | DOTN> | DODA> | DOTU> | DODU> | DOTN> | DODN> | DO | DOTN> | DOTN> | BD 160 | Gise |92l
c9 o> | AOT> | dOTH> | DOTA> | DOTA> | DOTW> | OODU> | DOTA> | AoDU> | DoDA> | DOTU> | DODA> | DOTU> | DODU> | DOTN> | DODA> | DOTH> | DOTN> | DOTN> | G990 | (©8c | sel
89 DOT> | AOT> | dOT> | DOTT> | DOTA> | DOTA> | DODU> | DODI> | AvDI> | doTm> | dOTM> | DOTA> | DOTI> | DODU> | DOTU> | DOTA> | doT> | DOTN> | DOTU> | GDico | (tnTs | vzl
2% wu L wu DOTA> | AOTA> | @1 | (aDsso | Weo | aoas | aomis | doTus | 20T | aoTU> | D0 | )Lt Wsro | aOTI> | aoTU> | Q0D | dOTA> | AOTA> | £2 1
87T B B B ooT> | aoi> | onoga | G wo | @e1o | domi> | aoi> | doTas | doDN> | Do [ domus | @t o> | Ao > | aomis | aopu> | aomu> | aomi> |z
YL wu vy wu DoT> | DOTA> | GDoso | Gpsto | Do | QOTW> | AOTN> | TOTU> | DOTA> | @DIT [ORN LoT> | (g0 | QOTH> | doDU> | @67 | 0T | a0 | 1Tl
(1) VA@id | vdodd | Va¥Hid | ¥sod sadd SOdd | SXHAd SEid | VA0dd | VOXHAd | VPIdd | VALId | veddd | vundd | Vaid VNI Vvodd | viHAd | VXHAd | Vddd | vaad |oped
SSVAdT
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2. Environmental Occurrence

L1 U ¥ st DOT> | DOTN> | ODwO | DOTU> | DODI> | AODI> | AOTN> | QODU> | DOTI» | AODT> | DOTT> | DOTN> | DOTU> | @wWo | (CDeso | DOT> | dODT> | DOTA> | sL L
08 00TU> | AOTI> | QOT> | DOTU> | OO > | QOT> | DOTM> | DOTH> | DOTA> | dOTN> | QOTH> | DOT> | DODU> | QoTN> | doDi> | DoTa> | dOoT> | (Zpow | (pseo | DOTN> | DOTH> | L L
838 oo | aots | aomis | vomis | doTUr | DOTU> | DOTH: | DOTN> | OTU> | AOTA> | QOTU> | DOTN: | DOTU> | AT | DOTN> | DOTU> | DOTAr | @18 | @10 | Do | domas | eLL
€9 DOTU> | AOTl> | QoT> | DOT> | DO > | DOT> | DOTM> | DOTH> | AOTA> | dOTH> | DOTH> | DOTU> | LODU> | DOoTI> | DoDi> | DOoTU> | DOTU> | pes | G0 | DOTN> | DO | Ll
6€ o1 | bomr> | oD | DO | DODU> | DOTN> | DOTM> | DODU> | ODU> | DOTA> | @oTM» | DOTU> | coDUs | Do | DOTUE | dOT> | @61 © e ws1 ®e1 @oro |1l
00 00T> | DOoTL> | DOTH> | DOTU> | OO > | QOTH> | DOTH> | QOTA> | QOTA> | QOTN> | QOTI> | QOTAL> | DODU> | DOTH> | DOTA> | DOTU> | DODU> | DODU> | DOTI> | DOTH> | DOTH> J oLl
00 vomis | vowis | bomUs | DOTU> | DOTU> | DOTU> | DOTN> | AOTN> | OTU> | QOTA> | QOTA> | AOTA> | DOT> | DOTU> | DOTU> | DOTA> | DODU» | DOTU> | DODT> | Dot | doOmI> | 691
00 oo | vomis | vomus | vomis | domis | doDU> | Do | @oTU> | dOTU> | @oTH> | Qo> | QOTU> | DOTU> | DODN> | 00T | D0TU> | D0TA> | o> | vomUs | domis | domas [ e
0Lo D0DU> | DOTU> | DOTU> | AOTI> | DO | DOTH> | DOTW> | @OTA> | AOTA> | dODN> | QOTW> | AOTA> | DODU> | Do | DODN> | DOT> | 00 | DODU> | DOTU> | DOT> | DOTH> | oL
zio | o> | doTT> | DoTU> | aomi> | domi> | doTM> | DODU> | @OTU> | QOTN> | dOTN> | QOTU> | QOTM> | DOTU> | DT> | domis | Gnzee | DoTs | DoTUs | domUs | domis | oo | sel
9% DO > [GF:4 00T > | oD | DOTA> | (ODZeo | DOTU> | DOTN> | QOTN> | QOTM> | QODU> | QOTA> | DOT> | DOTA> | DODN> | DOTM> | DOTN> | DOTA> | DOTU> | DODN> | DOTH> | 9L
B vomi> | vomus | domis | Bomis | domis | et | domus | DoTUs | doTU> | @omi> | QoD | QOTH> | DOTU> | doDN> | 00> | D11 | 00TA> | o> | o | domi> | domis | 9L
€2 DODU> | DOWI> | DOTU> | DODU> | DOTHN> | ()11 00T | AOTA> | AOTU> | dOTH> | AODN> | QOTA > | DOTA> | DOT> | DOTN> | DT1 DOTA > | DOTU> | DOTI> | DOTA> | DOTH> | €9 L
1z vom> | vomrs | vomis | Bomis | domis | doTU> | Do | DOTU> | dOTU> | domi> | aoms | Q0T | 20T | domi> | o> | 00> | D1z | oD | o> | domis | domis |
00 DOTU> | DO | DOTH> | OTU> | DOTA> | DO [ DO > | DOTN> | AOTI> | QOTH> | OTU> | QOTA> | DOTI> | DOTA> | DOTN> | DOTH> | DOTU> | DOT> | DOTU> | DOT> | DOTH> | 191
zr oomi> | vomis | bomus | Domrs | DOTUS | ODYED | Do | DOTU> | OTN> | QOTA> | AOTN> | AOTA> | DOTT> | oD | 0OTN> | s | Wizo | bomis | o> | Do | @1 JosL
¥L DOTA> | DO | DOTH> | DOoDA> | DOTA> | (@szo | DOTAN> | DOTN> | QOTN> | QOTH> | dODAU> | Q0T > | DOT> | DOTA> | DOTH= | (GD 11 ®eLo | Do | DO | Do (338 66 L
(1 vadid | vdodd | vdXHid | VSOd Sadd SOId | SXHAd | S€dd | VA04Ad | VOXHID | V*Idd | ViLId | veddd | vundd | vadd VNId vOoid | vIHid | VXH4d | vedid | vadd |eoped
SSVAAI
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2. Environmental Occurrence

02 comis | aomi> | ez | vomis | bowis | Dowis | Gogo | DOTUs | @aois | aom> | aomis | Domis | domis | aoDis | DO | DO | ODFE | DO | DO | DOTs | @D | TISD
00 comis | aomi> | bomis | vowis | bowis | DoWIs | Do | DT> | Do | Ao | aomis | Do | DO | @ODUs | Ao | DOTH s | DO | DOTH > | O | DO | @OTUs | 018D
00 Ao | AT | DOTI> | DO | DO | DO | Do | do > | DO | domis | aoDAs | aoDs | DO | @O | DOTHs | DOTUS | DO | DOTH> | AOTH> | DOTH > | DO > | 659
00 comis | aomi> | bomis | vowis | bomis | DoWIs | Do | @D | a0t | aoms | comis | Ao | DOTs | DOTUs | AT | DOTH > | DO | DO | DO | @omis | DoTUs | 88D
54 2OT> | Q0T> | 20T> | 00T~ | 00T~ | 20T~ | Guiczo | DOTI> | DOTM> | AT> | COTI> | WDI> | LOTI> | D> | AWDT> | DODTI> | CET | LOT= | GDéT | LoT> | o> | L85
L comis | aomi> | bomis | domis | bomis | Domis | (Wez | DoTUs | aomis | Doms | DOoTs | Ao | DOTHs | @ODUs | DO | DO | GDbL0 | GLEL | DO | DO | aoTis | 989
o @t aom > 304 2OT> | domi= | Wero | tomis | Domis | Soms | dODU> | @oDUs | AoDis | D0TU> | 20T | DOTU> | DOTI> | @DOT | OO | OOTN> | @Dl | wosso | sso
6€ aadal [OF qOTI> | 20T> | 00T | DOTI> | DOTN> | DO > | @TI> | 2OT> | COTI> | DOTL> | DOT> | QOTT> | COTH> | DOTI> | ©Dero | GO9Il | DOT> | G290 | doTT> | 89
56 COT> | Q0T > @1 QO > | bom= | Do | COoWIs | DO | A0 AOTL> | DOTI> | DO | DOT> | QOTI> | COT> | DOT> | DOTI> @ov | domi> | bowi~ | LOoTis | €50
|3 DO | @99 qOTI> | 20> | 0T | DOTI> | DOTN> | DO > | @TI> | 0> | 20TI> | DOT> | DOT> | DOTT> | ATH> | DOT> | DOTN> | Wi | dOT= | doT> | dOoTi> | 82
98 Gyl | 0Tt 12¢9 | 20> | 00T | DOTT> | LOTI> | D> | WT> | WT> | WOT> | 20> | DOTU> | AOT> | DOTL> | DOTI> | DOT> | @NoL | DOTN=> | Lomi= | oz | 189
29 e ey e @O | O | 4219 | T | T | doTs O Qo> | AOTN> | @O | doTi= | DOTN= | D8y | @Dez [(9bFa anic | come | @O | pISS
St e ey e WO | AT (91 €1 tnes | dome | oD O T | AT | a0 | qome- | Gois | qome | (2es | @D | T | 0T | @D9r | €SS
00 L] T e T | T | T | T | Tt | T - | ot | T | oW | oD | oD | T | T | T | T | 00T | ome | s
9 e U e O™ | oD | kD | oD | T | o > | @Ot | a0t | aomt- | @O | (U9 | QoD T | OTE | ODE | o | 1SS
v L] T e e | O | oDt | (0D | o | aame T | @Dt | @O | aoDt- | @O | oDt | oD OTE | OT | @Dl ©21c | oS
1€ w T e @OT= | OTE | B0y | 0T | OTE | T o> | @Ot | @O | aomt- | @O | GDer | doDi- avi | @D | owe | owe | sIsS
<1 L] T e e | O | oDt | (0D | o | aame T | ot | T | oD | o | oD | D | GDEs | T | T | 00T | @Dor | 8iss
521 w T e = | OTE | G0 | T | OTE | T o | o | ave | come | oe | o | aome | T | T | e | doms | e |oLiss
9 eu wu ¥ woTE | Tk | ot | @l | vt | T o | ot | oTe | oDt | oD | oD | @De | G011 | T | T | aomt | @D | 9IS
3 L wu i wTE | TE | T | OTE | @TE | 0T OTE | 0T | 0Tk | Wit | @7 | 0Tk | T | 0T | @D | T | @ | @l | siss
62 L] T e e | OTe | e | ey | aom | aame T | ot | T | oD | o | oD | @D | DIy | T | @Dss | ¢Dol | aoes | riss
1 L wu i T | T | 211 | 0T | T | T wOTE | 0T | 0Tk | Wit | @D | 0Tk | T | 0T | T | OTE | 00T | Do | €8s
gL vu wu i WTE | T | 00T | 0T | @TE | 0T WTE | 0T | 0Tk | Wit | @D | 0Tk | T | 0967 | T | T | 20T | G | Tss
65 vu T wu WOTE | T | 00T | 0T | @TE | 0T WTE | 0T | T | W | @D | 0Tk | T | 0T | T | OTE | qoT- | GDsc | 188
4 vu wu i WTE | T | Tk | 0T | @TE | 0T T | 0T | 0Tk | Wt | T | 0T | T | @Dl ©) ¢z T | @or | Gore | oo
i e e e T | T | wots | T | 21y | aoTe ELey qow= | Uss | aom- | come | Gl | aomee | GDol e | @ | Guss 658
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Figure S1: Chromatogram of blank sample spiked with internal standards
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Perfluorinated compounds (PFCs) are widely used in everyday life and one of the main recipients of
these compounds is waste water treatment plants (WWTPs). Due to the structure and physicochemical
properties of PFCs, these compounds could be redistributed from influent water to sludge. This work

KQJ/WDW'_S-' reports a new validated protocol for the analysis of 13 perfluorinated acids, 4 perfluorosulfonates and
Perfluorinated compounds the perfluoroactanesulfonamide. The present work has been focused to develop a sensitive and robust
gggi method for the analysis of 18 PFCs in sewage sludge, based on pressurized solvent extraction (PSE)

Sewage sludge followed by solid phase extraction (SPE) clean-up, analytes separation by liquid chromatography and
PSE analysis in a hybrid quadrupole-linear ion trap mass spectrometer (LC-QLiT-MS/MS) warking in single
LC-MS/MS reaction monitoring (SRM) mode. The final methodology was validated using a blank sewage sludge
fortified at different concentration levels. The method limits of detection were ranging in general from
15 to 79ng/kg. These values were comparable to the decision limit (CCa) and the detection capability
(CCB), which were 17-1134ng/kg and 18-1347 ng/kg, respectively. The percentage of recovery was from
79 to 111%in the most cases at different spiked levels. Finally, the repeatability of the method was in the
range 4% (PFOS and PFOA) to 25% (RSD %). In order to evaluate the applicability of the method, 5 sludge
samples were analyzed. The results showed that the 18 PFCs were present in all samples. However,
the concentrations for most of them were below the limits of quantification. The compound present at
higher concentrations was perfluorooctanesulfonate (PFOS), which was in concentrations from 53.0 to
121.1 wg/kg. The other PFCs were at concentrations between 0.3 and 30.3 pg/kg.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perfluorinated compounds (PFCs) comprise a large group of
compounds widely used in industrial applications that are char-
acterized by a fully fluorinated hydrophobic linear carbon chain
attached to one or more hydrophilic head. They have unique prop-
erties to make materials stain, oil, and water resistant, and are
widely used in several applications such as stain and water resistant
textiles, food packaging, in fire extinguishing formulations, pes-
ticides, paints, personal care products and surfactant agents [1],
among others.

PFCs are resistant to breakdown, ubiquitous environmental con-
taminants, which persist and may be accumulated attached to
proteins and biomagnified through the food chain. In recent years,
an increasing scientific interest raised due to their widespread dis-
tribution. The main direct routes of exposure of PFCs to humans

* Corres ponding author. Tel.: +34 93 4006100.
E-mail address: mfuqam@cid.csic.es (M. Farré).

0021-9673/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016 j.chroma.2011.01.085

are in their diet and drinking water. PFCs have been found in envi-
ronment studies of water (at levels of pg/l in lakes [2], ng/l in
rivers [3], precipitation water [2]), soils and sediments (at levels
of ngfg [4-7]) and biota samples (at levels of pg/kg in fish sam-
ples from Germany [8], Spain [9] and North America [2]). Among
PECs, perfluorooctanoic acid (PFOA) and PFOS are regarded as being
the terminal degradation end-products, and these are the chemi-
cals that have frequently been detected in environmental samples
and often occur at high concentrations. Studies have shown that
PFOA and PFOS have potential toxicity to cause liver cancer, affect
the lipid metabolism and disturb the immunity system of living
organisms [10,11] and human infertility [12] aswell. PECs enter the
environment through direct (directly from manufacture wastes or
directapplication)and indirect sources (due to their decomposition
or disposal through products life cycle) [13]. Wastewater treat-
ment plants (WWTPs) have been identified as relevant pathway
of PFCs releases into the environment [4,14]. However, few stud-
ies have reported the levels of PFCs in sewage sludge. In addition,
the routes of introduction of PFCs in sewage sludge remain unclear,
but possible ones include the washing residues from treated tex-

133



2. Environmental Occurrence

M. Liorca et al. / ]. Chromatogr. A 1218 (2011) 4840-4846 4841

tiles and cooking ware, direct and indirect residues of industrial
production and application [5]. Regarding human exposure, these
findings are of concern because partially sewage sludge can be used
in rural lands. Therefore, these could be an indirect source of PFCs
via consumption of crops, air-borne transport, surface waters and
ground waters draining from these sites. The concentration lev-
els reported in previous works showed concentrations from 50 to
thousands p.g/kg for perflurooctanesulfonate (PFOS) [15-20] and
ng/kg to hundreds j.g/kg for the other PFCs [15-21].

From the analytical point of view the determination of PFCs in
sludge and sediments presents a series of limitation in addition
to those inherent to their analysis in general such as cross-
contamination. The main extra limitations found in the case of
sludge and sediment analysis, are the difficulties in their extraction
and clean-upsteps, because these stepsare laborintensive and time
consuming, and the high percentage of matrix effects problems
(ion-enhancement or ion suppression) which makes practically
impossible the quantitative analysis of some compounds. Most pre-
vious works were based on extraction procedures using a methanol
extraction and alkaline digestion followed by liquid extraction
using methanol and acetonitrile [21]. Other procedures that have
been applied were ion pair extraction [15,22]. In addition, usually
a clean-up step is used in general by solid phase extraction (SPE)
withadifferent retention phase: C1g, Oasis HLB or Oasis WAX. How-
ever, very few works have reported the use of pressurized liquid
extraction for multianalyte analysis of PFCs [7,23].

Under this context, the main objectives of the present study
were: (1) to develop an efficient extraction methodology for the
analysis of 18 PFCs in sewage sludge based on pressurized solvent,
(Iytovalidate the new developed analytical method extraction fol-
lowed by analysis by LC-ESI-QqLIT (MS/MS), the most sensitive
instrumentin our group [24] and (III) to test the good performance
of this analytical method by its application in the analysis of real
samples.

2, Materials and methods
2.1. Standards and reagents

A mixture of PFCs [MXB; >98%] containing: perfluorobu-
tanoic (PFBA), perfluoropentanoic (PFPA), perfluorohexanoic
(PFHxA), perfluoroheptanoic (PFHpA), perfluorooctanoic (PFOA),
perfluorononanoic  (PFNA), perfluorodecanocic (PFDA), per-
fluoroundecanoic ~ (PFUdA), perfluorododecanocic ~ (PFDoA),
perfluorotridecanoic (PFTrA), perfluorotetradecanoic (PFTeA),
perfluorohexadecanoic (PFHxDA) and perfluorooctadecanoic
(PFODA) acids, perfluorobutanesulfonate (PFBS), perfluo-
rohexasulfonate  (PFHxS), perfluorooctanesulfonate  (PFOS),
perfluorodecanesulfonate (PFDS) and the perfluorooctane-
sulfonamide (PFOSA), >99%. A mixture of labeled PFCs
[MXA; >98%] containing: ['3Cy4]-perfluorobutanoic  acid
(MPFBA (13(C4)), ion ['80;]-perfluorohexanesulfonate (MPFHxS
(180,)),  ['3Cy]-perfluorohexanoic  acid (MPFHxA  (13C3)),
ion [13C4]-perfluorooctanesulfonate (MPFOS (13C4)), [13C4]-
perfluorooctancic acid (MPFOA (13Cy)), [*3Cs]-perfluorononanoic
acid (MPENA ('3Cs)), ['3Cs]-perfluorododecanoic acid (MPF-
DoA (13Cy)), ['3C;]-perfluorodecanoic acid (MPFDA (13Cy)),
[13Cy]-perfluoroundecanoic acid (MPFUdA (13C3)), added before
the extraction procedure, was used as a surrogate in order
to normalize all the analytical process. Labeled PFCs: [1,2-
1305 )-perfluorooctanoic acid (M2PFOA ('3Cy); »98%) and ion
[13Cg]-perfluorooctanesulfonate (M8PFOS (13Cg): »98%), added
just before LC injection, were used as internal standards in order
to normalize the instrumental analysis response. All analytical and
labeled standards were purchased from Wellington Laboratories

Inc., Canada. Water and Methanol (MeOH) CHROMASOLV®Plus,
for HPLC grade, ammonium acetate salt (AcNHy: MW, 77.08;
>98%) and Ammonium hydroxide (NH4OH: MW, 35.05; =98%)
were obtained from Sigma-Aldrich, Steinheim, Germany. Sodium
hydroxide base (NaOH: MW, 39.10; >97%) was purchased from
Merck. Ottawa Sand from Applied Separations, Allentown.

2.2. Sampies

In order to test the good performance of the developed
approach, 5 different sewage sludge samples (sludges 1-5) were
collected during April 2010in adomestic WWTP in Catalonia, Spain.
In order to avoid contamination of the samples during sampling and
transport those were collected using foil containers. Sludge samples
were frozen to —20° C prior to any treatment.

Blank sludge samples were used during optimization process
and to assess the non-cross contamination along the analytical
process.

2.3. Extraction procedure

The pressurized solvent extraction was carried out ina PSE240V
(Applied Separations, Allentown).

Sludge samples were frozen at —20° C, lyophilized and homog-
enized. Approximately 0.5 g of sample was spiked with a surrogate
mixture at 3 pg/kg and left to rest for 20 min. The spiked material
was homogenized with sand and introduced in a 22 ml extraction
cell. The cell was extracted during two consecutive cycles with
methanol at 70°C, 100 bar of pressure. Extracts were dried under a
gentle stream of nitrogen and reconstituted in 50 ml of water. Solid
phase extraction (SPE, Oasis WAX 3cc) was used as a clean-up step,
based on an earlier published method [9]. Very briefly, the condi-
tioning was carried out with 2x 2ml of MeOH (0.1% NH40H), 2 x
2ml of MeOH and 2x 2 ml of water. The reconstituted extract was
loaded under gravity conditions and dried under vacuum 20 min.
Analytes were eluted in a2x 2 ml MeOH (0.1% NH40H), in PP tubes,
and dried under a gentle stream of nitrogen. Extracts were trans-
ferred using MeOH in a PP insert LC vial, dried under nitrogen
conditions and reconstituted in LC initial conditions (Water/MeOH;
90:10). Internal standards were added at 5 p.g/l level, in vial. Sam-
ples were analyzed by LC-MS/MS.

2.4. Instrumental analysis

The analysis of selected PFCs was performed by LC-ESI-MS/MS.
The chromatographic separation was performed using a Symbiosis
T™_pico (Spark Holland, Emmen, The Netherlands) equipped with
a LiChroCART® 125-2, Pusopher® STAR, RP-18e (5 pm) analytical
column, from Merck, at room temperature. The mobile phase used
for the chromatographic separation consisted of aqueous ammo-
nium acetate 20mM (A) and MeOH (B) and was delivered at flow
rate of 0.4 ml/min. The elution gradient condition started at 10% B
and rose to 50% B in 2 min, and then it was linearly increased to
70% B in 4min, and finally increased to 90% B in 8 min. This per-
centage was maintained for 1 min more. Finally, the mobile phase
was returned to initial conditions in 1 min. Initial conditions were
maintained for 1 min more. Injection volume was 10 p.l.

The LC system was coupled to a quadrupole-linearion trap mass
spectrometer (QqLIT-MS/MS) 4000 QTRAP (Applied Biosystems),
equipped with a Turbo lon Spray source operated in the negative
electrospray ionization mode (ESI (—)). The use of this analyzer
in the study of PFCs in sludge was decided due to the versatility
of the instrument evidences: conventional SRM provides excel-
lent sensitivity and selectivity in the quantitation. Comparing to
conventional triple quadrupole (QqQ), the QqLIT system achieved
at least 20-fold higher sensitivity than the QqQ system disposed
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Table 1
Parent and fragment ions, declustering potential (DP), collision energy (CE), entrance potential (EP) and collision cell entrance potential (CEP) optimal conditions for each
compound.
Target compounds Retention Precursor ion Product ions (m/z) DP (V) CE(V) EP (V) CXP (V) SRM ratio
times (min) (mfz) SRM1 SRM2 (SRM1/SRM2)
PFBA 42 213 169 =25 -25 -10 -10 210
119 -25
PFPeA 53 263 219 =25 -15 -10 -10 -
PFHxA 5.8 313 269 =25 -25 -10 -10 98.4
169 -25
PFHpPA 62 363 319 =25 -25 -10 -10 223
169 -25
PFOA 6.2 413 169 =25 —35 -10 —10 26
369 -25
PENA 6.5 463 219 =25 -25 -10 —10 5.0
169 -15
PFDA 75 513 119 -25 -35 -10 —10 1.2
469 -35
PFUdA 8.0 563 519 -25 -35 -10 —10 15.8
219 -35
PFDoA 87 613 569 -25 -35 -10 —10 530
269 -3
PFTIA 9.4 663 619 -25 -35 -10 —10 300
219 -35
PFTeDA 10.1 713 669 -25 -35 -10 —10 368
269 -35
PFHXDA 115 813 769 =25 -3 -10 -10 288
269 —-35
PFODA 13.0 913 869 =25 —-35 -10 -10 263
269 —-35
PFBS 5.4 299 80 =25 —-80 -10 -10 1.7
99 -850
PFHXS 62 299 99 =25 -850 -10 -10 1.8
80 -850
PFOS 6.5 499 80 =25 —100 -10 —10 1.2
99 —100
PEDS 8.0 599 80 =25 —100 -10 —10 0.99
99 —100
PFOSA 7.1 498 78 =25 -50 -10 —10 64.6
119 —-100

Bold means “Transitions used for quantification”.

in the laboratory as was reported in previous work [24]. Acquisi-
tion was performed in single reaction monitoring mode (SRM) to
obtain sufficient identification points (IP) for confirming each ana-
Iyte according to Decision 2002/657/EC [25]. The identification of
target analytes was carried out using relation between the highest
relative abundances of two mjz transitions and retention times.

The quantification of each compound was carried out using
the most intensive m/fz~ transition which is indicated in Table 1.
Optimized parameters were as follows: curtain gas (CUR), 30
(arbitrary units); ion source gas 1 (GS1), 25 (arbitrary units);
ion source gas 2 (GS2), 60 (arbitrary units); source temperature
(TEM), 350°C; ion spray (IS), —4500V; entrance potential (EP),
—10V, collision cell exit potential (CXP) —10V and declustering
potential (DP) —25V. The dwell time of each MRM transition was
50ms.

2.5. Method validation

Validation experiments were performed by spiking blank sludge
samples with all selected analytes at three different levels 9, 50,
100 wgfkg (six replicates at each concentration level, n==6). After
homogenization the spiked samples were left to balance during
20min. After this period, the samples were processed as reported
inSections 2.3 and 2.4. For the assessment of all mentioned param-
eters, the analyte response was always related to the surrogate
internal standard responses to compensate for undesirable matrix
effects and looses during the extraction step.

The developed method was validated using an “in-house” pro-
cedure according to [SO 11843 [26] using spiked materials because

no reference material was available. In accordance with the crite-
ria, performance characteristics of a conventional method include
recovery, repeatability, with-in-laboratory reproducibility, deci-
sion limit (CCw) and detection capability (CCR), calibration curves
and specificity. In addition for comparative purposes, limits of
detection (LODs) and limit of quantification (LOQ) were also
determined. Positive identification was considered when a +2.5%
retention time agreement was achieved between the analytes in
the samples and standards and a 25% relative abundances margin
was achieved between the two selected ion transitions for each
analyte.

Selectivity was assured by obtaining four identification points
for each analyte through the monitoring of two transitions of each
precursor ion corresponding to each target analyte and the reten-
tion time of each analyte. Linearity was assessed by constructing
seven point calibration curves in triplicate at concentration lev-
els ranging from low ng/kg to 150 wgfkg as they are summarized
in Table 2. Least-square linear regression analysis was performed
by plotting the peak area of the analyte over the analyte concen-
tration and correlation coefficients (R2) higher than 0.9900 for all
compounds.

LOD and LOQ were calculated for each analyte at a signal-to-
noise (S/N) ratio of 3 and 10, respectively. LODs were determined
using the most intense transition (higher S/N) for each analyte,
while for LOQ the second transition was confirmed visible in the
chromatogram. The method limits of quantification (MLOQs) were
established as the lowest concentration fulfilling all of the follow-
ing criteria: (1) bias from the calibration curve less than 1.5%, (2)
relative standard deviation of four replicates below 19%, (3) peak
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Tahle 2

MLOD, MLOQ, error CCa and error CCP by calibration curve, according to ISO 11843 when no MPRL is established and matrix effect expressed as % of surrogates used in the

extraction method.

MLOD (ngfkg) MLOQ (ng/kg) CCa(ng/kg) <CCR(ng/kg) %RSDinterday % of Recoveries Surrogate Matrix effects (%)
(10 wg/lin vial)
9uglkeg 50pg/kg  100pg/ke

PFRA 831 772 1134 1347 29 102 % 65

PFPeA 69 232 9 108 30 91 80 74 MPEBA -7
PFHxA 161 538 184 201 13 110 108 50

PFHpA 79 264 93 103 15 98 102 80 MPEHxA -4
PFOA ) 73 31 38 4 114 % 80 MPFOA a7
PFNA 15 50 17 18 14 106 % 108 MPENA a1
PFDA 40 133 61 76 25 102 103 111 MPEDA 28
PFUAA 57 189 62 66 13 111 % 9 MPFUdA 2
PFDoA 55 183 70 81 16 91 105 86

PFTTA 65 218 114 149 21 101 107 a1

PFTeDA 69 231 119 154 19 65 100 90 MPFDoA —45
PFHXDA 67 23 150 260 16 62 110 85

PFODA 53 176 123 172 21 60 76 70

PFBS 219 729 262 293 24 105 110 65

PFHxS 31 102 36 40 24 104 106 93 MPFHxS -6
PFOS 25 84 34 41 4 99 110 o8

PFDS 45 151 57 65 8 90 o7 67 MPFOS 35
PFOSA 68 28 84 95 8 78 o1 59

Results obtained in spiked sediment at 9 pgfkg level n =6. Matrix effect (%)= 100 x surrogate peak in extracts (# = 3)fsurrogate peak in mobile phase (n=8)] — 100. Matrix

effects >0 — ion enhancement. Matrix effects <0 — ion suppression.

shapes acceptable, and (4) signal-to-noise ratio higher than 10 in
sludge spiked material.

CCa and CCP were calculated according to the [SO 11843 [26]
by the calibration curve procedure when no method permitted ref-
erence limit (MPRL) is established. CC« was calculated using the
sludge blank materials fortified above the minimum required per-
formance level (in this case, 9 pgfkg) in equidistant steps. After
analysis of the fortified materials, CCa was calculated as the con-
centration which after plotting the signal obtained against the
added concentration corresponds to the y-intercept plus 2.33 times
the standard deviation of the within-laboratory reproducibility. On
the other hand, CCP was calculated as minimum detectable value
plus 1.64 times the standard deviation of the within-laboratory
reproducibility of the mean measured content at the decision limit
equals the detection capability (5= 5%).

Recovery was assessed for each analyte using fortified blank
sludge samples at three levels of concentration 9, 50, 100 p.g/kg.
Analyterecoveries were calculated from the peak areas obtained for
each analyte (average of six replicates for each sample) as percent-
ages of the peak areas obtained from the replicate (n=6) analysis
of equivalent standard solutions.

Precision, expressed as repeatability, was calculated by repeated
analyses on the same sample sets for calculating interday repeata-
bility.

Table 2 summarizes MLOD, MLOQ, CCa, CCR, the percentage
of recoveries at different levels of fortification and the interday
precision.

In order to establish the possible ion enhancement or ion
suppression in the matrix, the percentage of matrix effects was cal-
culated in all matrices according to peak areas relation of surrogate
added to samples before extraction vs. surrogate in mobile phase,
at 10 pgfl level in vial.

3. Results
3.1. Optimization of the PLE procedure

One of the parameters showing the strongest effect on the
PSE extraction efficiency is the composition of the extracting sol-
vent, temperature, number of extraction cycles and the cell size.
For the selection of the extraction solvent and its composition

the following combinations were tested: (1) [water:MeOH (9:1)],
(2) [water:MeOH (1:1)] and (3) [MeOH (100%)]. For this series
of experiments blank sludge samples were fortified at a 9, 50,
100 pgfkg (n=6). In addition, temperature has played a key role
in the extraction procedure development. A series of temperature
70, 100 and 130°C were evaluated. The minimum temperature
was chosen at 5°C over the MeOH boiling point. In addition,
the performance of the extraction was tested using 1-3 extrac-
tion cycles. Fig. 1 summarizes these results. As it can be seen,
for acids (PFCAs) and sulfate compounds (PFCSs), the percent-
age of recoveries was increased according to the following the
order: [water:MeOH (9:1)] <[water:MeOH (1:1)] <[MeOH (100%)].
Therefore, MeOH was selected as optimum extraction solvent. No
apparent differences were found at the different temperatures
tested, using MeOH as extraction solvent. A percentage of recov-
eries near 100% was obtained for all PFCs. Due to this reason, the
minimum temperature was selected as the optimum one. No sig-
nificant differences were found using 1, 2 or 3 cycles of extraction.
However dueto the variety of sludge matricesand in order toassure
the better extraction of all compounds in different sewage sludges,
2 cycles of extraction were set for the final procedure.

The cell volume was also evaluated for the best performance.
For this experiment, 0.5g of fortified blank sludge was introduced
in 11 ml and 22 ml cells, in both cases filling the void space with
sand. It was observed that the smaller cell, although saved time
in the process as well as material and solvent consumption, often
presented difficulty in processing the sample. From this series of
experiments, extraction using the 22 ml cells proved more efficient
for most analytes PFAs and PFSs. As a result of this experiment, the
method was validated using the 22 ml volume extraction cells.

Summarizing, the following parameters were set in the final
method; Cell extraction volume 22 ml, MeOH 100% as a solvent
extraction, pressure of 100 bar, temperature of extraction 70 °C and
2 cycles of extraction with 1 min of static time.

3.2, Validation
The validation procedure for the developed method was carried

out taking into account the EU requirements. The most significant
parameters considered are described in the following points.
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Fig. 1. 3D graphic surface combining: temperature, solvent mixture and percentage of total recoveries with the corresponding data table. (I) PFCAs and (II) PFCSs.

After PLE extraction a purification step was carried out using
Oasis WAX 3cc cartridges. The final recoveries of the whole extrac-
tion and purification procedure were assessed using the blank
sludge fortified at a 9, 50, 100 p.g/kg (n=6), Table 2 summarizes
the recovery percentage obtained for each PFC at the different con-
centration levels. For the lowest level of fortification recoveries
were ranging from 92 to 111% for PFCAs [excepting PFTeDA (56%),
PFHxDA (63%) and PFODA (54%)]. Apart from PFOSA{80%), for PFCSs
the percentages of recoveries were 100-105%. At concentrations of
50 wg/kg, the percentages of recovery were between 97 and 111%
for PFCAs and PFCSs, the only exception was PFOSA, the recovery of
which was 78%. Finally, for the highest fortification level, the per-
centage of recovery was 80-107% for PFCAs, 76-98% for PFCSs and
91% for PFOSA. Summarizing, in all cases recoveries were between
70and 110% for the three levels of fortification and the repeatability
was lower than 25% for all analytes.

Table 2 reports main values of MLOQ, MLOQ, CCaand CCP calcu-
lated according to ISO 11843 [26] when no MPRLis established, and
the percentage of matrix effects on blanks fortified at the 9 p.g/kg
(n=8), the lowest spiked level near to MLOQ of PFBA (2.772 pg/kg).
The results revealed that MLOQ for acidic compounds were rang-
ing from 50 to 538 ng/kg for most of compounds. PFCSs, in general,
presented low MLOQ, with an exception of PFBS (729 ng/kg). [n par-
allel, CCo values were between 17 and 1134 ng/kg and CC(8 between
18 and 1347 ng/kg. On the other hand, a strong matrix effect was
measured for each compound. Matrix effects produced ion sup-
pression, with exception of MPFUdA for which ion enhancement
was observed. In an attempt to compensate for undesirable matrix
effects, quantification was carried out using surrogate internal stan-
dards added before the extraction.

3.3. Applicability of the method

The method applicability was assessed by analyzing 5 sewage
sludge samples, which were collected in an urban WWTP.

Table 3 shows analytical results of the study and Fig. 2 shows an
example of chromatogram obtained in a sludge sample. In general,
the higher values were found in the sample no. 4.

The concentration levels of PFCAs were ranging from 0.4 to
30.3 pgfkg, in agreement with previous studies by Zhang et al. [15],
Guoetal. [17], Li et al.[18] or Ma et al. [19]. PFOA, PENA, PFDA and
PEDoA were present in all the samples at concentrations higher
than 1.0 pg/kg. Long chain acidic compounds were not detected in
general, as can be expected due to the biodegradation processes,
and the high concentration of PFOA can be associated with the
biodegradation of other long chain PFCs congeners currently in use
[27.28].

PFOSA was detected in three over the five samples analyzed,
being one of the more frequently detected compound, with con-
centrations ranging from 0.3 to 10.7 pg/kg.

It should be pointed out, that the number of PFCs analyzed in
sludge or sediments in previous studies is in general 5-6 com-
pounds including PFOS and PFOA, and for other congeners currently
in use no previous data was available for comparison purposes.

Table 3
PFCs concentration in sludge samples.

wglkg dw (% RSD)

Sludge 1 Sludge 2 Sludge 3 Sludge 4 Sludge 5
PFBA <MLOD <MLOD <MLOD 226(16) 149 (2)
PFPeA 17.2(20) 15.6(14)  26(15) <MLOQ <MLOQ
PFHxA <MLOD <MLOD <MLOD <MLOQ 4.8(22)
PFHpA <MLOQ 04(2) 45(7) <MLOQ 2.0(25)
PFOA 95 (1) 70(12) 95(12) 303(18)  297(6)
PFNA 1.0(6) 12(19) 1.1(24) 20(8) 2.4(21)
PFDA 8.6(7) 6.1(16) 7.2(19) 235(11) 8.2(25)
PFUdA 3.7(21) <MLOQ <MLOQ 12.2(25) 7.8(24)
PFDoA 6.3(9) 2.7(13) 3.0(18) 11.3(16) 4.0(25)
PFTrA <MLOD <MLOQ <MLOQ <MLOD <MLOD
PFTeDA 5.0(18) 20(7) 2.0(19) <MLOQ <MLOQ
PFHxDA <MLOD <MLOQ 0.4(18) 49(9) <MLOQ
PFODA 09 (12) <MLOD <MLOD <MLOD <MLOD
PFBRS <MLOD 09(17) <MLOD <MLOQ 7.6(18)
PFHxS <MLOQ <MLOQ <MLOQ <MLOQ <MLOQ
PFOS 101.0(13) 72.3(11) 52.0(19) 121.1(8) 735(8)
PFDS <MLOD <MLOD <MLOD 75(23) <MLOQ
PFOSA 0.3(6) 1.1(11) 10.7(16) <MLOD <MLOD

n=3, dw, dry weight; RSD, relative standard deviation.
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Fig. 2. Total ion chromatogram (TIC) of sludge 3 and extracted ion chromatograms
of 4 positive analytes.

In the present study, with exception of PFOS, all compounds
belonging to PFCSs were below MLOQ. PFOS was detected in
concentrations levels ranging from 53 to 121 pg/kg, being the
compound that was found in higher concentrations, in agreement
with previous studies [15,17,18,20,22]. Zhou et al. [29] reported

the favorable sorption of PFCs on the heterogeneous protein com-
position of activated sludge, and the different sorption kinetics
according to their carbon chain length and different functional
groups [30], which could explain the high concentrations of PFOS
found in this work, as well as in the previous ones. In addition, in
this work the concentration levels of PFOS were between 3 and 10
times higher than those for PFOA. This difference could be asso-
ciated with the different sorption kinetics in function the different
functional groups, in agreement with Zhouetal. [30]. The calculated
distribution coefficients indicate that PFOS had a higher sorption
tendency to activated sludge than PFOA. On the other hand, Becker
etal.[31] showed thatin WWTP, the calculated mass flow of PFOA is
discharged in a high percentage through the WWTP final effluents
while about fifty percent of PFOS is retained in the sewage sludge,
fact that also supports the finding of the present work.

4. Conclusions

Inthe present work amultianalyte method was developed for 18
PFCs in sewage sludge to fulfill requirements for routine analysis.
The new robust and sensitive analytical method is based on a PLE
step with methanol as solvent followed by SPE (Oasis WAX) clean-
up and analysis by LC-MS/MS. The validation showed high recovery
rates range between 76 and 111%. The MLOQ were established at
ng/kg levels for most compounds. However, for some compounds
a high percentage of matrix effect was present, and therefore sur-
rogates internal standards should be used in order to compensate
these undesirable effects and to perform a correct quantification.

The applicability of the method was proved by analysis of 5
sewage sludge samples. The results of the analysis of real sewage
sludge samples showed and concluded that PFOS was the com-
pound encountered in higher concentrations, and PFOSA and PFCAs
were found at levels of pg/kg.

Further studies about the presence and the fate of PFCs into
sludge are required, because of the lack of data about some cur-
rently in use compounds and in order to elucidate transformation
and biodegradation processes, because sewage sludge can be a
direct source of PFCs in the environment through their application
in soil restoration and agricultural soil, and also an indirect source
human exposure through food and groundwater contamination.
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In this study, the presence of 18 perfluorinated compounds was investigated in bicta and environmental
samples from the Antarctica and Tierra de Fuego, which were collected during a sampling campaign
carried out along February and March 2010.

61 samples were analysed including fish, superficial soils, guano, algae, dung and tissues of Papua
penguin by liquid chromatography coupled to tandem mass spectrometry.

The concentrations of PFCs were ranging from 0.10 to 240 ngfg for most of the samples except for

I;Zﬂllvsorﬁ;ated penguin dung, which presented levels between 95 and 603 ng/g for perfluorooctane sulfonate, and
Biota guano samples from Ushuaia, with concentration levels of 1190—2480 ngfg of perfluorohexanoic acid.
LC-MS/MS PFCs acids presented, in general, the highest levels of concentration and perfluorooctanesulfonate was
Antarctica the most frequently found compound.

Tierra del Fuego The present study provides a significant amount of results, which globally supports the previous

studies, related to the transport, deposition, biodegradation and bicaccumulation patterns of PFCs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Large-scale production and usage of perfluorinated compounds
(PFCs) began in the 1950’s because of their excellent surfactant
capabilities, stability and amphiphilic properties. Their highly
chemical and biological stability is conferred by the carben-fluor
bound. Major applications have included water and grease repel-
ling coatings, fire fighting foams, textiles, prints and adhesives.
During the recent years, PFCs have lately received an increasing
attention because of their widespread presence in the environ-
ment, in human beings and wildlife as well (Houde et al., 2006; Lau
et al., 2007). PFCs are persistent organic pollutants (POPs} and can
be found bioconcentrated, bioaccumulated and biomagnified
throughout the food chain. These compounds can be bio-
accumulated because of their binding to proteins {Kennedy et al,
2004; Lau et al, 2007; Peden-Adams et al, 2008). Different
studies have revealed that PFCs are toxic to mammals (Trudel et al,,

* Corresponding author.
E-mail address: mfugam@cid.csices (M. Farré).

0269-7491/% — see front matter @ 2011 Elsevier Ltd. All rights reserved.
dei:10.1016/j.envpol.2011.10.027

2008). In addition, their elimination by the human organism takes
some time (Olsen et al., 2007).

It should be pointed out that the global industrial emissions of
PFCs from direct (manufacture, use, consumer products} and indi-
rect (PFCs impurities and/or precursors) sources were estimated to
be 3200-7300 tonnes in 2006 (Prevedouros et al, 2006).
Throughout the last years, the occurrence of PFCs has been reported
in environmental samples, especially these of chain lengths less
than ten carbon atoms. These compounds have been globally
detected in rivers and oceans and are considered to be significantly
transported via aquatic ecosystems. PFCs have been reported to be
present in lakes (Boulanger et al., 2004; De Silva et al.,, 2009}, rivers
(D’Eon et al,, 2009; Takazawa et al., 2009) and even in precipitation
water (Scott et al., 2006; Kwoket al., 2010; Young et al,, 2007) at ng/
L. They have also been found at pg/g levels in sediment from the
deep sea (Harino et al, 2009; Higgins et al., 2005; Nakata et al,,
2006). It is estimated that a great proportion of PFCs is emitted
directly to the aquatic ecosystems during their use and production
(Nakata et al., 2006 ). The long-range transport of these compounds
dissolved in water has been modelled through different works
(Young et al,, 2007; Armitage et al,, 2006; Bengtson Nash et al,,
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2010; Wania, 2007). Volatile PFCs dissolved in marine aerosols may
be long-range transported to remote regions and may contribute to
their contamination with persistent PFCs (Dreyer et al, 2009;
Prevedouros et al,, 2006).

In addition, PFCs are biomagnified through the food webs, since
several studies have reported their occurrence in wildlife (Olivero-
Verbel et al., 2006). Concentrations at hundreds ng/fg in fish have
been reported {Houde et al,, 2006b} and the assessment of these
compounds in different countries as the North of Germany
(Schuetze et al,, 2010}, Spain (Llorca et al,, 2009) and in different
regions of North America (De Silva et al., 2009). Different studies
have revealed that marine mammals and animals in a high trophic
position can accumulate high concentrations of PFCs. Their pres-
ence in the Arctic fauna (polar bears Dietz et al,, 2008) and in the
Arctic atmosphere at levels of pg/m® (Sheeib et al., 2006) has been
well established. However, fewer studies have reported results
from the Antarctic continent to date (Ahrens and Ebinghaus, 2010;
Dreyer et al., 2009; Schiavone et al., 2009). The evaluation of PFCs in
remote areas such as the Antarctica peninsula is one of the very few
forms of evaluation of long-range environmental transport (LRET).
The global fate of POPs is associated to different biogeochemical
cycles and geophysical drivers. The occurrence of PFCs into remote
areas such as the Antarctica could be partially explained by the
theory of cold condensation, concerning the chemical movements or
chemical transformations from sources under the impact of envi-
ronmental forces, such as temperature, and interaction with other
environmental compartments (soil, oceans, etc.} (Lohmann et al,,
2007). In addition, the physical-chemical characteristics of PFCs
should also be considered, since these properties dictate their
environmental behaviour (Wania, 2007).

Just four previous studies have reported the presence of PFCs in
different biota samples from the Antarctica continent {Giesy and
Kannan, 2001; Tao et al, 2006; Schiavone et al, 2009; Bengtson
Nash et al,, 2010), whereas this information could be of impor-
tance to establish Glebal PFCs distribution and also the basis of
LRET of these compounds.

The main objectives of this study were 1) to determine the
presence of 18 PFCs pertaining to different groups as perfluorinated
acids (PFCAs), perfluorinated sulphates (PFSs) and perfluoro-
sulfonamides in biota and soil samples from Tierra del Fuego and
the Antarctica; 2) establish relationships among remote areas
contamination and main contribution pathways, as well as, to
contribute to understanding the long-range transport in the
southern hemisphere.

2. Material and methods
2.1 Standards and reagents

PFCs mixture [MXB; >938%] containing: perflucrobutancic (PFBA), per-
fluorepentancic (PFPA), perfluorchexancic (PFHXA), perfluercheptancic (PFHpA),
perfluercoctancic (PFOA), perfluoronenancic (PFNA), perflucredecancic (PFDA)
perfluoroundecancic (PFUdA), perflucrodedecancic (PFDoA), perfluorotridecancic
(PFTrA), perflucrotetradecancic (PFTeA), perfluorchexadecancic (PFHxXDA) and
perfluorcoctadecancic  (PFODA) acids, perfluorcbutanesulfonate (PFBS), per-
fluorchexasulfonate  (PFHxS),  perfluorcoctanesulfonate  (PFOS) and  per-
fluoredecanesulfonate (PFDS).

A sulfenamide: Perfluoreoctanesulfonamide (PFOSA), >99%. A mixture of
labelled PFCs [MXA; >98%| containing: [Cy]-Perfluorcbutanocic acid (MPFBA
(Bcy), lon  [80g]-Perfluorchexanesulfonate (MPFHxS (%803)), [BCy]-Per-
fluorehexanoic acid (MPFHxA (Cy)), Ton [3Cy]-Perfluorcoctanesulfonate (MPFOS
(3C4)), [1C4]-Perfluorcoctancic acid (MPFOA (3Cy)), [Cs]-Perfluoronenancic acid
(MPFNA (BCs)), [3Cy|-Perfluorodedecancic acid (MPFDoA (3Cy), [BCy)-Per-
fluoredecanoic acid (MPFDA (13Cy)), [BCy]-Perflucreundecanoic acid (MPFUdA
(B3Cy)). added before the extraction procedure, was used as a surrogate internal
standard in order to normalize the results of the whole analytical process. Labelled
PFCs: [1.2-33C;]-Perfluorcoctancic acid (M2PFOA (BC); >98%), ion [Cgl-Per-
fluorooctanesulfonate (M8PFOS (3Cg); >98%), added just before LC injection, were
used as internal standards in order to correct the instrumental response. All

analytical and labelled standards were purchased from Wellington Laboratories Inc.,
Canada. Water and Methanol (MeOH) CHROMASOLV®PIlus, for HPLC grade, ammo-
nium acetate salt (AcNHy: MW, 77.08; >98%) and Ammonium hydregide (NH4OH:
MW, 35.05; >98%) were obtained from Sigma—Aldrich, Steinheim, Germany. Sedium
hydroxide base (NaOH: MW, 39.10; »97%) was purchased frem Merck.

2.2. Sample collection

The sampling campaign was supported by Premtios Antdrtices de Ciencia, Tecne-
logta y Medio Ambiente 2010, throughout February and March of 2010, and under the
support of Departamente Nacional Antartico Argentine and the Comande Antdrtico
Argentine. The samples were from two different sampling areas I} Tierra del Fuego
and II) Antarctica continent. Fig. 1 presents sampling locations.

1) Tierradel Fuego Samples were collected in the Ushuaia region, located on the
southern coast of Isla Grande de Tierra del Fuege, bounded en the north by the
Martial meuntain range and on the south by the Beagle Channel. This region has an
area of 9390 km? with a sub polar cceanic climate, and the Ushuaia city is the only
municipality with 2000 inhabitants.

An amount of 30 compesite samples of soils were taken a random strategy. For
each composite sample, five samples were collected in quantitatively similar
subsamples (~500g), 2 m away frem each cne from Bahia Encerrada (Behia Ushuaia)
and Playa Larga (Bahia Ushugia). Besides, 9 algae leave (Macrocystis pyrifera) samples
were taken from Playa Larga (Bahia Ushuaia) and Mary Ann Island (Beagle Channel), 6
guane samples were collected from Bahia Encerrada (Bahia Ushuaia) and Mary Ann
Kland (Beagle Channel), 4 fishes (Rainbow trout: Oncorhynchus mykiss) were
extracted from Oliva River (Beagle Channel).

The samples were pre-processed in a central laberatory facility in Ushuaia.
Superficial and guane samples were dried and conserved in pelypropylene (PP)
sterilized vials. Fishes and algae leaves were cut {in the case of fish samples, the skin,
livers, muscle and roes were separated), then were hemogenized and transferred
into PP sterilized vials and finally were frozen and lyophilized. Empty PP sterilized
vials were used as blanks during all the sampling and shipping process along with
the real samples in order to rule out pessible sources of contamination.

1) Antarctica An amount of 3 samples of superficial seil was collected from the
Aitcho Islands. A total of 6 dung and 6 muscle tissues samples of Papua penguins
were collected from the Ardley Island, Neko Bay and Winter Island, whereas 3 algae
samples were taken from Ardiey Island. The preservation of the samples was
accomplished by freezing whilst shipping to the central Laboratory facility in Ush-
uaia. Then the samples were frozen-dried, homogenized and transferred to PP
sterilized vials. Empty PP sterilized vials were also used as blanks during the whole
process.

Finally, the samples from Tierra de Fuege and Antarctica were transperted to the
IDAEA-CSIC laboratory for their analysis. Frozen-dry samples were kept under coel
conditions (between —2 and 4 °C) during the flight.

Refer to Table 1 for the summarized sampling sites and their GPS coordinates
and Fig. 1 for sampling sites map.

2.3. Sample pre-treatments and extraction procedures

Biota Samples were analysed in triplicates according to the method described
by Llorca et al. (2009) Very briefly; 2 g of the sample were introduced into a 50 ml PP
centrifuge tube, and fortified with 10 pl of a surrogate internal standard mixture at
500 pgful After fortification, the samples were left to rest for 20 min for equili-
brating. Sample pre-treatment was consisted of alkaline digestion with 10 ml of
NaOH 10 mM in MeOH for 3 h in an orbital shaker table at room temperature, fol-
lowed by a centrifugation step at 4000 rpm for 10 min. Then, 3 ml of the supernatant
were diluted in 30 ml of water and then extracted using Oasis® WAX 3cc cartridges
previously cenditioned with 2 x 2 ml of MeOH (0.1% NH40H), 2 x 2 ml of MeOH and
2 x 2 ml of water. Eluticn was accomplished with 2 x 2 ml of MeOH (0.1% NH40H).
During the next step the extracts were dried under Ny atmesphere and were
recenstituted with Water/MeOH (90:10). Finally, an internal standard mixture was
added in order to obtain a final concentration of 5 pg/l in the vial.

Soil The samples were extracted and analysed working in triplicates according
to the following protocol: 2 g of dry weight sample were intreduced in a 50 ml PP
centrifuge tube. Then, the surrogates were added {MXA: 10 pl at 500 pg/pl) and left
to rest for 20 min at room temperature. After the equilibration time, the ultrasonic
extraction was carried out with 10 ml of MeOH for 1 h and then the extract was
centrifuged at4000 rpm during 20 min. Finally, 3 ml of the supernatant were diluted
into 30 ml of water and a purification step was carried out by solid phase extraction
(SPE), with Oasis® WAX 3cc, according to the previously summarized procedure. The
final extracts were dried under a Ny atmesphere and reconstituted inte initial
conditions of the mobile phase Water/MeOH (90:10} in a LC vial equipped with PP
insert. As a last step, each extract was fortified with a mixture of labelled PFCs
internal standards te obtain a final concentration of 5 ug/l in each vial. The analysis
was performed by LC-MS/MS.

Blanks were analysed by passing water and reagents through the entire
analytical procedure. Procedural blanks consisting in empty sterilized PP sampling
containers, transported with those used for sampling during the entire process and
shipment as well, were also extracted and analysed in triplicate.
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62°13'S, 58°56W
6272448 3'S, 504612 W
64°50'S, 67'33W.
65°15'S, 64916 W

5494T'S, BEHIIW

54uES, 88413W

54°52'5, B8°15W.

Fig. 1. Map of sampling collection sites. Antarctica sampling points on the left side and Tierra del Fuego points on the right.

24. Instrumental analysis

Instrumental analysis, according te previous analytical methods performed by
cur group (Llorca et al., 2009 ), was carried out based on LC-ESI-MS/MS. Very briefly,
the chromatographic separation was accomplished using a Symbiosis™-Pico (Spark
Holland, Emmen, The Netherlands) equipped with a LIiChroCART® 125-2, Pusopher®
STAR, RP-18e (5 pm) analytical celumn, from Merck, at room temperature. The
mabile phase consisted of aguecus ammonium acetate 20 mM (A) and MeOH (B)
and was delivered at a flow rate of 0.4 ml/min. The elution gradient condition started
at 10% B and rose to 50% B in 2 min, then being linearly increased to 70% B in 4 min,
and finally increased to 90% B in 8 min. This percentage was maintained for 1 min
more. Finally, the mobile phase was returned to the initial conditions in 1 min, which
‘were maintained for 1 min more. The injection volume was 10 pl.

The LC system was coupled to a quadrupole-linear ion trap mass spectremeter
(QgLIT-MS/MS) 4000 QTRAP (Applied Biosystems), equipped with a Turbe Ion Spray
scurce operated in the negative electrospray ionization mode (ESI(—)). Acquisition
was performed in single reaction monitoring mode (SRM) te obtain sufficient
identification points (IP) for confirming each analyte according to Decision 2002/
657/EC. The identification of target analytes was carried out using relation between

Table 1
Sampling sites and GPS coordinates for the different type of samples.
GPS Samples
Tierra del Fuege
Rio Olivia 54°47'S, 68°13'W Fish
Bahia Encerrada 54°49'S, 68°19'W Sail
(Bahia Ushuaia) Guano
Flaya Larga 54°48'S, 68°13'W Scil
(Bahia Ushuaia) Algae
Mary Ann Island 54°52'S, 68°15'W Algae
(Beagle Channel) Guano
Antarctica
Aiteho Islands 62°24'48.3"5, 59°46'12.3"W Superficial seil
Ardley Island 62°13'S, 58°56'W Penguin dung
Penguin tissues
Algae
Neko Bay 64°50S, 62°33'W Penguin dung
Winter Island 65°15'S, 64°16'W Penguin dung

the highest relative abundances of two m/fz transitions and their respective retention
times.

For identfication purposes different peints were accomplished: i) analyte
retention time in the sample compared te analyte retention ime in the calibration
curve should be in agreement; ii) two mjz transition were confirmed for every
analyte; iii) ratio between the twe transitions in the sample compared toratic in the
calibration curve should be in agreement. These identification points were carefully
accomplished for sulfates compounds since it is known that transitions X99 > 80 in
biological species can be an interference. The quantification of each compound was
carried out using the most intense mfz~ transition, which is indicated in Table $1 in
the supporting information section. The optimized parameters were as follows:
curtain gas (CUR), 30 (arbitrary units); ion source gas 1 (GS1), 25 (arbitrary units);
ion source gas 2 (GS2), 60 (arbitrary units); source temperature (TEM), 350 °C; ion
spray (IS), —4500 V; entrance potential (EP), —10 V, collision cell exit potential
(CXP) —10 V and declustering potential (DP) —25 V. The dwell time of each MRM
transition was 50 ms. Table S1, summarizes the LC-MS/MS optimal parameters.
Quantification was carried out by subrogate internal standard additiens.

The method limits of quantification (MLOQ) were calculated according te
concentration corresponding to a response 10 times equal to signal to noise relation
of the analyte in blank biota matrixes, which were in the range 0f0.10—-2.17 ng/g for
PFCAs, 0.08—3.13 ng/g for PFSs, 0.06—0.70 ngfg for PFOSA. MLOQs fer guano and
penguin dung in the range of 0.80-6.36 ng/g for PFCAs, 57.81 ngfg for PFHxA,
2.60—-23.94 ngfg for PFSs, 0.70—1.20 ng/g for PFOSA, and for scils in the range of
0.02—-0.27 ng/g for PFCAs, 0.03—0.21 ng/g for PFSs, 0.10—0.12 ng/g for PFOSA. The
relative standard deviation or variation ceefficient for all positive samples,
expressed by %, was below 25%.

In order to avoid any source of instrumental contamination through the
analytical process, tubbing of the LC-MS system was replaced by metal, a secand
analytical column was add prior the injector to delay possible cross contamination
from the system or solvents, and through the whole analytical precess all sample
container, connectors etc., were free of PFCs.

3. Results

Figs. 2 and 3 summarize the results of this study and an example
of sample chromatograms is presented in Fig. 4. Results for each
compound in analysed samples are presented in Tables 52 and 53 of
the supporting information section.

Comparing results from Tierra del Fuego and Antarctic region,
higher concentrations were detected in Tierra del Fuego, as it was
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Fig. 2. Box & whisker diagram of Tierra del Fuego analysed samples; <MLOQ = 1/
2MLOQ, <MLOD = 1/2MLOD.

expected because of the influence of population and activity in the
Ushuaia city. Concentrations of PFCs in different types of samples
from Tierra del Fuego were ranging from 0.17 to 248 ng/g, being
algae, fish and guano samples those presenting the maximum
levels of contamination. Guano samples presented extremely high
concentrations of PFHxA (1190—2480 ng/g) and PFOSA. PFHxA was
present in algae from Tierra del Fuego at concentrations from 4.1 to
200 ngjg, whereas in the Antarctic region PFOS was the predomi-
nant compound in algae, with concentrations ranging from 36.6 to
111 ngfe.

Antarctic Penguin dung Antarctic Penguin tissue
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Fig. 3. Box & whisker diagram of Anfarctic analysed samples; <MLOQ = 1/2MLOQ,
<MLOD = 1/2MLOD.

Tierra del Fuego soil samples had traces of PFCAs (PFBA, PFPeA,
PFHxA, PFOA, PFNA and PFOS) at concentrations ranging between
0.08 and 541 ng/g. On the other hand, Antarctic soils contained
traces of PFHxA and PFOS at concentrations of 0.16—0.83 ng/fg.
Other analytes were found below MLOQ in the Antarctic soils.

Due to the sampling permit limitations, all fish and guano
samples were collected in Tierra del Fuego. In fish samples, the
most representative compounds were PFBA, with concentrations
between 7.16 and 8.40 ng/g in liver; PFHxA, exhibiting the higher
values, especially in liver samples, were it was in the range between
207 and 232 ng/g; and PFOSA, present in all type of fish samples in
the range between 0.57 and 77.80 ng/g and with maximum values
in liver again. PFOS and PFOA were also present at concentrations
ranging from MLOQ-27.3 ng/g and MLOQ-4.70 ng/g, respectively.
PFOS and PFOA were present in skin, muscle and roe, whereas liver
samples did not present quantifiable amounts of these compounds.

Guano samples were from 2 different sampling sites both in
Tierra del Fuego. Important differences in PFCs concentrations and
profiles were found between the different sampling sites. Guano
samples from Ushuaia (guano samples 1, 2 and 3 in Table S2 of the
supporting information section} presented the highest concentra-
tions for PFCAs, and the highest concentrations were for PFHXA in
the range of 1190—2480 ngfg. PFPA was the second most abundant
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Fig. 4. Extracted ion chromatograms of real positive samples: A) algae

compound with concentrations between 25.6 and 62.2 ng/g. PFOA
was in the range of 5.73—13.3 ng/g, PFNA was between 8.89 and
16.2 ngfg and PFDS was around 2 ng/g. Whereas guano samples
from the Mary Ann Island, in Beagle Channel, the concentration of
PFHxA and PFDS were under the MLOQ. Concentrations of PFPeA
were similar to guano samples from Ushuaia, and PFOA was at
similar concentrations or slight higher than Ushuaia. PFDA was
present in samples from Mary Ann Island in the range of
2.51-3.45 ngfg whereas it was inferior to MLOQ in Ushuaia.

6 penguin samples were collected in the Antarctic region and
results of muscle tissues presented trace concentrations between
the MLOQ and 2.28 ng/g for all PFCs included in this study. The
compounds found at higher concentrations were PFPeA and PFHXA.

Penguin dung concentrations were between 19.9 and 237 ng/g
for PFHxA, 0.63 and 3.98 ng/g for PFOA, 0.78 and 4.33 ng/g for PFNA,
19.9 and 45.9 ng{g for PFBS and 95.2 and 603 ngfg for PFOS.

4. Discussion

Algae and soil results are especially interesting because both
areas, Tierra del Fuego and the Antarctica can be compared. The
predominance in Tierra del Fuego of compounds with carbon
chains length inferior to 9 carbons, especially in algae, is of signif-
icance because this fact could be associated to the direct intro-
duction of PFCs in water and their assimilation during algae
breathing. However, other inputs should also be considered. PFOA

samples from Tierra del Fuego; B) penguin tissue samples from Antarctica.

is the breakdown product of many polymers used in coatings,
showing high persistence in the environment (USEPA, 2010). The
biodegradation and arise of oxidation products of flucrotelomer
acids and acrylates, alcohols and alkylphosphoenic acids are other
possible sources of these compounds which are present in algae
(Prevedouros et al., 2006; Armitage et al., 2009a, 2009b; Butt et al.,
2019). On the other hand, in the Antarctic region, PFOS and PFOA
which are the most recalcitrant compounds, were predominant.
Two mechanisms should be considered to explain the LRET
capabilities of PFCs. The first suggests atmospheric distribution of
neutral, volatile compounds (flyers), such as fluorotelomer alcohols
and perfluorinated sulfonamido alcohols. Flyer compounds are
susceptible to suffer atmospheric long-range transport because of
their partitioning properties (log Kaw values estimated between
0and 1 and log Kow around 5), which indicate that these classes of
chemicals can be classified as flyers according to the Globo-POP
model (Lohmann et al., 2007; Wania, 2007). This is also in agree-
ment with the findings of Dreyer et al. {2009). Then, after their
transport and cold condensation, these flyer compounds can
biodegrade as it has already been indicated in previous studies
(Rhoads et al., 2008; Wang et al., 20053, 2005b) or suffer in-sifu
oxidation to form ionic PFCs (Ellis et al., 2004; Wallington et al.,
2006). Table 2 presents the partitioning coefficients estimated for
selected compounds in the present work, as well as, their classifi-
cation according to the Globo-POP model. As it can be seen in
Table 2, all the selected PFCs were swimmer compounds according
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Table 2

Partiticning coefficients airfwater and octancl/water and the classification of the
compounds according to Globe-POP model (Lohmann et al, 2007). Reported values
for ionic forms of PFCs.

Compound log Kaw log Kow?* Classification
PFBA <<-5 3-7 Swimmer
PFPA <<-5 3-7 Swimmer
PFHxA <<-5 3-7 Swimmer
PFHpA <<-5 3-7 Swimmer
PFOA <<=5 3-7 Swimnmer
PFNA <<=5 3-7 Swimnmer
PFDA <<=5 3-7 Swimnmer
PFUdA <<=5 3-7 Swimnmer
PFDoDA <<-5 3-7 Swimmer
PFTrDA <<-5 3-7 Swimmer
PFTeDA <<-5 3-7 Swimmer
PFHXDA <<-5 3-7 Swimmer
PFODA <<-5 3-7 Swimmer
PFBS <<-5 3-7 Swimmer
PFHXS <<-5 3-7 Switnitner
PFOS <<-5 3-7 Switnitner
PFDS <<-5 3-7 Swimmer
PFOSA 0-1 3-7 Flyer

2 The log Kow is not measurable since these substances are expected to form
multiple layers in an octancl—water mixture (U.S. EPA, 2005).

to the mentioned model, excepting PFOSA which is classified as
a flyer.

The second mechanism is related to the properties of ionic PFCs
{negligible vapour pressure, water solubility and moderate sorption
to solids), which predicts their accumulation in surface waters
(swimmers) (Yamashita et al,, 2008; Prevedouros et al., 2006; Wei
et al, 2007; Ahrens et al, 2010). Recent studies have evaluated
the influence of these mechanisms and have been revealed that the
dominant phenomenon is the hydrospheric transport for PFOS,
PFOA and PFNA (Armitage et al., 2006, 2009a, 2009b). For example,
flucrotelomer alcohols have short atmospheric lifetimes in the
order of 10—20 days (Ellis et al., 2003 ). The geographical isolation of
Antarctica combined with both, short atmospheric lifetimes of
fluorotelomer alcohols and the low yield of the oxidation pathway,
significantly reduces the potential for effective atmospheric
delivery to the Antarctic continent. In addition, two studies con-
ducted ship-based transect measurements of atmospheric fluo-
rotelomer alcchols levels in the Atlantic Ocean secter from Europe
to South America (Jahnke et al, 2007) and from Europe to the
Antarctica (Dreyer et al., 2009} showed a clear declining gradient of
atmospheric concentrations in these transects. Therefore, atmo-
spheric input of flyer perflucrinated compounds to the Antarctica is
principally a function of rapid and direct delivery of contaminated
wind masses. The finding of the present work corroborates these
previous hypotheses since concentrations obtained for algae, which
is an aquatic erganism in the low trophic level of the aquatic food
chain, were much higher than results obtained for scils, being
predominant compounds PFOS and PFOA. Values obtained in soil
samples from Tierra del Fuego could indicate multiple sources of
PFCs in this area: firstly, directly associated to human activity, fol-
lowed by atmospheric LRET phenomena and cold condensation. On
the other hand, PFCs concentrations in soil from Antarctic region
were most likely from atmospheric LRET.

Trace concentrations of PFCs were present in penguin muscle
samples, being PFPeA and PFHxA the predominant compounds.
Levels of PFOA in penguin muscle were found to be comparable to
those reported in previous studies in Arctic fish (Tomy et al., 2004},
fur seal pup muscle and penguin eggs analysis (Adélie and Gentoo)
from South Shetland islands, Antarctica, with levels between <0.1
and 2.5 ng/g and the hypothesis of oviparous and viviparous
transfer of PFCs to eggs and off springs (Schiavone et al, 2009).

Evidences of PFCs in penguin dung and penguin tissue could indi-
cate that these compounds are directly introduced into the penguin
organism through diet, being possible more influenced by the
increasing human activity in the Antarctic peninsula, as has been
previously reported for other POPs in this area (Bengtson Nash
et al, 2008; Hale et al., 2008).

Concentrations in fish from Tierra del Fuego showed similar
PFCs distribution profiles to those encountered in previous studies
carried out in other geographic areas. However, concentration
levels were lower than those pertaining to more populated and
industrialized areas (Llorca et al., 2009), as well as, lower than those
found in fish pertaining to higher aquatic food chain levels (Hart
et al, 2008). In this case, the most representative compounds
were PFBA, PFHxA and PFOSA exhibiting the higher values and
especially this last one in liver. The presence of PFOS and PFOA was
more representative in other fish tissues as skin, muscle and roe.

Results for guano samples showed great differences according
to their sampling site. Guano samples from Ushuaia (guano
samples 1, 2 and 3 in Table S2 of the supporting information
section) presented the highest concentrations of PFCAs, being
PFHxA the most concentrated one {concentrations between 1190
and 2480 ngfg). In this case, the presence of PFHXA could be
associated to metabolic degradation of the longest PFCs and other
congeners. The source of PFCs can be associated to the diet, because
birds from Ushuaia have the habit of geing fishing in the port area
and in addition, they have included other habits in their diet as the
ingestion of human food wastes, whereas guano samples from the
Mary Ann Island in Beagle Channel, where birds eat small sized
fishes from the deep sea, the concentration and profiles were
different. These extremely different profiles can be attributed to the
birds’ diet.

To date, few authors have studied the presence of PFCs in the
Antarctica (Bengtson Nash et al, 2010; Culbertson et al,, 2004;
Dreyer et al, 2009; Schiavone et al,, 2009; Tao et al., 2006; Wei
et al,, 2007; Ahrens et al,, 2009, 2010). Therefere, it is difficult to
establish a comparison with previous studies because the here
studied matrices are different (see Table 3). However, coincident
trends can be established with previous Antarctic studies.

Comparing results for soils, algae, penguin tissues and penguin
dung from Antarctica, soil samples exhibited lower values of PFCs.
It indicates that, in this case, the contamination can be just asso-
ciated to atmospheric LRET. Nevertheless, more studies are needed
in order to elucidate the atmospheric circulation movement
patterns for PFCs. Aquatic organisms and fauna in remote regions as
the Antarctica are affected by other influences in addition to the
atmospheric LRET: by oceanic transport (Armitage et al, 2006;
Prevedouros et al., 2006; Wania, 2007; Bengtson Nash et al., 2010},
and the biomagnification through the food chain. Prevedouros
et al, estimated that 2—12 tones/year of PFCs are transported to the
Artic by oceanic transport, which is greater than the amount esti-
mated to result from atmospheric transport and degradation of
precursors (Prevedouros et al, 2006). Although Prevedouros et al.
(2006) has pointed water as the dominant exposure medium for
Arctic biota for some congeners, this is a debated topic that has
been examined in subsequent studies. Measurements of PFCs in
seals by Butt et al. {2007, 2008) indicate that exposure to volatile
precursors or PFAs resulting from atmospheric oxidation may be
more important for Arctic biota. Of course, biotic exposure for some
congeners (i.e. anything other than PFOA and PFOS) cannot be
explained exclusively by ocean transport, as discussed above. In
addition, water was suggested as the primary exposure medium for
biota. Yamashita et al. (2008) made reference to the thermohaline
circulation system as a transport of PFCs contaminants. Work re-
perted by Ahrens et al. (2010) found levels between < 11 and 51 pg/
L of PFOS in Antarctic Circumpolar Current zone and supports the
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global transport models. This last report could explain the levels of
PFOS found in Antarctic algae samples. Finally, aquatic fauna is also
influenced by the bioconcentration, bioaccumulation and bio-
magnification through the food webs, in agreement with the results
obtained in the present study for penguin dung and tissues.

This study provides a significant amount of results which
globally supports previous models and empirical cbservaticns
related to the transport, deposition, biodegradation and bio-
accumulation patterns of PFCs. However, further efforts are
required to establish global circulation patterns and movements of
these fluorinated compounds.

5. Conclusions

The present work has studied the presence of 18 PFCs in Tierra
del Fuege and the Antarctic region in a total number of 61 samples
of different matrices pertaining to different environmental
compartments including algae, soils, guano, fish, penguin tissues
and penguin dung The presence of 11 over 18 investigated
compounds was detected in Tierra del Fuego (to the authors’
knowledge, this is the first work reperting the evaluation of PFCs in
this area} and Antarctica.

This study reports the quantifiable presence of PFBA, PFPA,
PFHxA, PFOA, PFNA, PFDA, PFBS, PFHxS, PFOS, PFDS and PFOSA,
although the most frequent ones were PFHxA, PFOA, PFOS and
PFNA. PFCs with carbon chains lenger than 10 C have been found
below MLOQ. Concentration levels ranged between 0.10 and
240 ngfg in general, but extremely high concentrations of PFOS in
guano and PFHxA in penguin dung were detected indicating their
exposure through the diet. In most of the cases, results from Tierra
del Fuego have shown higher PFCs levels than those from the
Antarctica as it was expected.

The presence of PFCs in the Antarctic region can be associated
according to the nature of the sample. The absence of long-chain
PFCAs from Antarctic samples is a powerful indicator that atmo-
spheric oxidation is not a majer source of PFCs in that region. In this
context, different introduction routes can be identified: atmo-
spheric LRET (soils); atmospheric LRET and ocean transport (algae}
and atmospheric LRET; ocean transport and bioaccumulation and
biomagnification (penguin samples). These results support
previous studies.

Nevertheless, much more work is still required to evaluate LRET
phenomena, the atmospheric circulation of PFCs congeners and
their atmospheric oxidation leading to PFCAs, PFSs and low
molecular weight products, and how other factors such as the
emerging tourism in these areas can influence POPs contamination
of remote regions.
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Supporting Information

Fate of a broad spectrum of perfluorinated
compounds in soils and biota from
Tierra del Fuego and Antarctica

Marta Llorca a, Marinella Farré a,*, Maximo Sebastian Tavano b, Bruno Alonso ¢,
Gabriel Koremblit b,Damia Barcel6 a.d,

S1. For identification purposes different points were accomplished: 1) analyte retention

time in the sample compared to analyte retention time in the calibration curve should be
in agreement; ii) two m/z transition were confirmed for every analyte; iii) ratio between
the two transitions in the sample compared to ratio in the calibration curve should be in

agreement.
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Table S1: Analytical and instrumental parameters (LC-QqLit-MS/MS)

Analyte tr/min  m/z CE (V)
Parent  Daughter
PFBA 42 213 169 * -25
119 -25
PFPeA 5.3 263 219 * -15
PFHxA 5.8 313 269 * -25
169 -25
PFHpA 6.2 363 319 % -25
169 -25
PFOA 6.5 413 369 -35
169 * -25
PFNA 6.9 463 219 * -25
169 -15
PFDA 7.5 513 469 -35
119 * -35
PFUdA 8.0 563 519 * -35
219 -35
PFDoA 8.7 613 569 * -35
269 -35
PFTrA 9.4 663 619 * -35
219 -35
PFTeDA  10.1 713 669 * -35
269 -35
PFHxDA 115 813 769 * -35
269 -35
PFODA 13.0 913 869 * -35
269 -35
PFBS 5.4 299 9 -80
80 * -80
PFHxS 6.2 399 99 * -80
80 -80
PFOS 6.9 499 99 -100
80 * -100
PFDS 8.0 599 99 -100
80 * -100
PFOSA 7.7 498 119 -50
78 * -100

CE: Collision Energy
* . Quantification transition
tg: retention time
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2.2.4 Assessment of PFASs in beached marine debris and sediments form the
Mediterranean area

Plastics have been used during 21st century, playing a key role in the unsustainable
development of our world. Plastics are used for a wide range of applications as in
packaging, construction, automotive industry, electronic equipments or in sport, leisure
and agriculture (The Plastics Portal 2011b).

The European plastics production in 2010 was about 57 million tons (Mt) including:
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS) and
polyethylene terephthalate (PET). The most used resin types are polyolefins (PE and
PP), which account for around 50% of all plastics demand. The European demand of
plastics was distributed, in 2010, in packaging as the largest segment, representing
40.1% of overall demand, followed by Building and Construction (20.4%), Automotive
(7%) and Electrical and Electronic equipment (5.6%). Others include different small
segments like sport, leisure, agriculture, machinery engineering etc. (Plastics Europe
2011). In 2010 their residues were approximately 24.7 Mt with the 57.9% recovered by
recycling (6 Mt) and alternative energy source (8.3 Mt). The other 42.1% was not
recovered. This disposal plastic is an increasing cause of water pollution. Industrial
products may become marine debris if they are improperly disposed on land or if they are
lost during transport or loading/unloading at port facilities (USEPA 2002c). The European
plastics industry brought, together, 47 plastics industry organizations from around the
world to sign up to "Joint Declaration for Solutions on Marine Litter”, which was
announced at the 5th International Marine Debris Conference in Hawaii in March 2011
(The Plastics Portal 2011a). Well known examples of marine debris are small plastic resin
pellets made of PP or PE, about 2-6 mm in diameter, which are the raw material for the
manufacture of plastic products (Derraik 2002). These pellets have been released into
the marine environment from accidental spillage during production and processing,
transport and handling. Some are buoyant whilst others become suspended or sink (Coe
et al. 1997; Redford et al. 1997; Gregory 2009). Their presence has been reported in
most of the world’s oceans (USEPA and Gregory 2009).

Hazardous pollutants such as POPs adsorbed and concentrated onto the surface of
plastic pellets, where the source is likely being in the surrounding seawater (Mato et al.
2000; Hirai et al. 2011). Because contaminated pellets may be ingested by animals they
could be a source of hydrophobic contaminants in the marine food chain (Gregory 2009).
Seabirds are also affected by these types of contaminants. For example, Colabuono et al.
(2010) assessed the presence of polychlorinated biphenyls (PCBs) and organochlorine
pesticides (OCPs) in plastics ingested by seabirds from the southern Brazil. PCBs were
detected in plastic pellets (491 ng/g) and plastic fragments (243 — 418 ng/g) and OCPs in
plastic pellets and fragments (68 — 99 ng/g).

In this context, this study aims to assess the presence of 18 PFASs including PFOA
and PFOS in different plastic pellet beach samples as well as in sediment beach samples
collected from Greece. The sampling points were geographically distributed. Due to the
high industrial use of these compounds, these compounds are globally distributed
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reaching remote areas as the Antarctic and the Arctic continents (Shoeib et al. 2006;
Dietz et al. 2008). PFASs have been found in water and sediments (Suja et al. 2009;
Clarke et al. 2011; Gomez et al. 2011; Houtman 2011; Pico et al. 2011; Yang et al. 2011)
as well in the marine food web due the bioaccumulation and consequent biomagnification
(Kelly et al. 2009; Kantiani et al. 2010; Pico et al. 2010). These compounds are
considered as emerging organic pollutants since they have not been regulated yet.
However, during last years, there are some of them which are proposed to be under
regulation (European Commission 2002).

Materials

A mixture of PFASs [MXB; > 98 %] in methanol containing: i) perfluorobutanoic
(PFBA), perfluoropentanoic (PFPeA), perfluorohexanoic (PFHxA), perfluoroheptanoic
(PFHpA), perfluorooctanoic (PFOA), perfluorononanoic (PFNA), perfluorodecanoic
(PFDA), perfluoroundecanoic (PFUdA), perfluorododecanoic (PFDoA),
perfluorotridecanoic (PFTrA), perfluorotetradecanoic (PFTeA), perfluorohexadecanoic
(PFHxDA) and perfluorooctadecanoic (PFODA) acids; ii) perfluorobutanesulfonate
(PFBS), perfluorohexasulfonate (PFHxS), perfluorooctanesulfonate (PFOS) and
perfluorodecanesulfonate (PFDS) was mixed with the sulfonamide
perfluorooctanesulfonamide (PFOSA), > 99 %. This mixture was used for recovery
purposes and calibration curves.

A mixture of labeled PFASs [MXA; > 98 %] in methanol containing: [“°C.J-
perfluorobutanoic acid (MPFBA (13C4)), ion [*®0,]-perfluorohexanesulfonate (MPFHxS
(1802)),  [**C,]-Perfluorohexanoic  acid (MPFHXA  (13C2)), ion  [®C4-
perfluorooctanesulfonate (MPFOS (13C4)), , [**C]-perfluorooctanoic acid (MPFOA
(13C4)), [**Cs]-perfluorononanoic acid (MPFNA (13C5)), [*C,]-perfluorododecanoic acid
(MPFDoA  (13C2)), [®C,]-perfluorodecanoic acid (MPFDA (13C2)), [®C,-
perfluoroundecanoic acid (MPFUdA (13C2)), added before extraction procedure, was
used as a surrogate in order to normalize all the analytical process.

Labeled PFASs: [1,2-*C,]-perfluorooctanoic acid (M2PFOA (13C2); > 98 %) and ion
[13C8]-perfluorooctanesulfonate (M8PFOS (13C8); > 98 %), added just before LC
injection, were used as internal standards in order to nhormalize the instrumental analysis
response.

All analytical standards, and labeled standards, were supplied by Wellington
Laboratories Inc., Canada. Water and Methanol CHROMASOLV®Plus, for HPLC grade
and ammonium acetate salt (AcNH4: MW, 77.08; 98 %) were obtained from Sigma-
Aldrich, Steinheim, Germany.
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Sample collection

Different beached plastic pellets were collected from the beach surface of the Greek
Mediterranean Sea. Samples were taken from the high tide line as well as from the berm
of the beach from: Corfu Island, Lavrio beach, Kato Achaia beach, Leros Island and
Loutropyrgos beach. Plastic pellets were then separated from the sand and stored in
aluminum foil at 4°C. They were shipped to IDAEA-CSIC laboratories (Barcelona) and
preserved frozen at -4°C.

Sediment was sampled as follows: i) the beach face using glass jars from Corfu
Island, Kato Achaia beach, Leros Island, Pagasitikos Gulf, and Lavrio, ii) the near shore
zone from Loutropyrgos using a shovel, and iii) the bottom of the sea using a core
sampler from a sampling boat from Amvrakikos Gulf and Aliveri. The samples were
preserved in aluminum foil and shipped to IDAEA-CSIC laboratories. Samples were
stored at -4°C before analysis.

The related samples are summarized in Table 2.2.

Table 2.2: Sample information regarding sampling time, sampling site and possible
sources of contamination

Code ﬁgmf“ng Matrix*  Sampling time Sampling site Possible contamination sources
P Spring 2011 beach surface . .
1 Corfu Island S Spring 2011 beach shore International Airport and harbour
P Spring 2011 beach surface Mazut and natural gas power plant;
2 Lavrio beach S December 2010 beach shore ggw chemicals plant; near to Athens
3 Kato Achaia P Spring 2011 beach surface Harbour
beach S Spring 2011 beach shore
P Spring 2011 beach surface .
4 Leros Island S Spring 2011 beach shore Airport and harbour
P December 2010 beach surface Oil refineries (Aspropyrgos and
5 Loutropyrgos S December 2010 ggs; shore Elefsina); near to Athens city
pPanasitikos Central Greece International Airport and
6 Gu?f S Spring 2011 beach shore Cement Industry (Aget Heracles
Industry)
7A Amvrakikos - bottom of the National Airport of Preveza-Lefkada and
7B Gulf S Spring 2011 sea Air force base (Mazona lagoon)
8 Aliveri s December 2010 bottom of the Cement plant (Heracles); near to
sea Athens city

*Matrix: plastic (P) or sediment (S)

In order to avoid any possible cross contamination, 3 blanks consisting in virgin
plastic pellets (2 made of polypropylene (PP) and 1 made of polyethylene (PE)) were
obtained from a local manufacturer. Seasand sediment sample was a blank sample
obtained through a commercial provider (Sea Sand (SiO2), from Panreac Quimica SA,
washed and thin grain; 0.25-0.30 mm of particle size preserved in a PE bottle). The pellet
material was verified by Dr. H. Takada's group from the Laboratory of Organic
Geochemistry, Tokyo University of Agriculture and Technology, Japan using near-infrared
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spectroscopy (Pla- Scan-SH, OPT Research Inc. Tokyo, Japan). Blank samples were
shipped, kept and analyzed in parallel with the rest of the samples.

The analysis was carried out along 2010 and 2011.
Sample pre-treatments and extraction procedures

The sample pre-treatment for sediment samples was based on a previous published
work by Llorca et al. (2011). All the samples were analyzed in triplicate. Very brief, 1 g of
dry weight sediment sample was introduced in a 50 mL PP centrifuge tube. Then, the
labeled surrogates internal standards were added (10 pL at 50 pg/uL, in methanol) and
left to rest for 20 min at room temperature. After the equilibration time, the ultrasonic
extraction was carried out with 10 mL of methanol for 1 h. The extract was centrifuged at
4000 rpm during 20 min at 25 °C, the solvent transferred into a 15 mL PP centrifuge tube
and dried under N, atmosphere near to dryness. The purification was performed by SPE,
with Oasis® WAX 3cc, after reconstitution in 30 mL water. The SPE steps were as follow:
i) conditioning: 2 x 2 mL of methanol (0.1% Ammonium Hydroxide), 2 x 2 mL of methanol
and 2 x 2 mL of water; ii) loading: samples were loaded under gravity conditions and
dried with vacuum for 20 min; iii) eluting: 2 x 2 mL of methanol (0.1% Ammonium
Hydroxide). The eluted extract was reduced near to dryness under N, current and
transferred to a LC vial equipped with a PP insert. The extract was reduced to dryness
under N, atmosphere and reconstituted into initial conditions of mobile phase:
Water/Methanol (80:20).

In the case of plastic pellets, 1 g sample was introduced in a 50 mL PP centrifuge
tube, fortified with surrogate internal standards (10 pL at 50 pg/uL, in methanol) and left
to rest for 20 min at room temperature. Then, the ultrasonic extraction was carried out
following the same procedure as described before for sediment samples. The centrifuged
extract was transferred into a 15 mL PP centrifuge tube and dried under N, atmosphere
near to dryness and directly introduced to a LC vial equipped with a PP insert. Then, the
solvent was reduced to dryness under N, current and reconstituted into initial conditions
of mobile phase Water/Methanol (80:20).

As last step, each extract was fortified with a mixture of labeled PFASs internal
standards (MBPFOS and M2PFOA) to obtain a final concentration of 5 pg/L, in vial, in
order to normalize the instrumental results.

Solvent blanks were analyzed in parallel by passing methanol through the entire
analytical procedure. The plastic pellet blanks, made of PP and PE, were analyzed in
parallel in order to avoid the presence of PFASs in the raw material.
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Instrumental analysis

The instrumental analysis consisted on liquid chromatography separation coupled to
mass spectrometry (LC-MS/MS).

LC was performed using a Symbiosis ™-Pico (Spark Holland, Emmen, The
Netherlands), equipped with a LC-column Hypersil GOLD PFP (50 x 3) (Thermo
Scientific) suitable for PFASs isomers separation. An extra column BDS Hypersil C8 (50
x 3) (Thermo Scientific) was used after LC pumps, before the injection system, in order to
delay the contamination from the system pumps, at room temperature. The mobile phase
consisted of (A) aqueous ammonium acetate 20 mM and (B) methanol ammonium
acetate 20 mM. The elution gradient conditions started at 20% B and rose to 80 % B in 5
min, and then it was linearly increased to 90 % B in 5 min. This percentage was
maintained for 4 more minutes. Finally, the mobile phase returned to the initial conditions
in 1 min. These conditions were maintained for 1 more min. The total run time for each
injection was 16 min, with the flow rate kept at 0.5 mL/min throughout the run. The
injection volume was 10 pL.

The LC system was coupled to a QgLIT-MS/MS, 4000 QTRAP (Applied
Biosystems)), equipped with a Turbo lon Spray source operated in the negative
electrospray ionization mode (ESI(-)). Acquisition was performed in SRM mode to obtain
enough identification points (IP) for confirmation of each analyte, according to the
Commission Decision 2002/657/EC.

The identification of target analytes was performed according to: i) analyte retention
time in the sample compared to analyte retention time in the calibration curve should be
in agreement; ii) two m/z transition were confirmed for every analyte; iii) ratio between the
two transitions in the sample compared to ratio in the calibration curve should be in
agreement. Quantification was carried out by surrogate internal standard addition.

Quality parameters

In order to assure the specificity and applicability of the method, different quality
parameters were assessed according to the Commission Decision 2002/657/EC.

MLOD were defined as the lowest concentration which the peak area was, at least, 3
times S/N ratio in spiked sample at the lowest level. MLOQ were calculated at 10 times
S/N ratio in spiked blank samples at the lowest level and confirmed experimentally.

Recoveries were calculated by spiking, at three different concentrations (10, 25 and
50 pg/Kg for PP plastic pellet blank and 10, 50 and 100 pg/Kg for sediment blank) 1 g of
matrix with a mixture of PFASs. The blanks were previously analyzed and confirmed that
they can be used as blank materials. The experiments were carried out in quintuplicate.
The precision was expressed as intraday repeatability by the analysis of 5 spiked
samples, at the lowest level, in the same day. Interday repeatability was calculated by the
analysis of 5 spiked samples, at the lowest level, along 5 consecutive days.
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2.3 Discussion
2.3.1 PFASs in the Water Cycle

The first step of this work was the development of a multi-analyte analytical method
for the rapid analysis of PFASs in water. The main aim was to obtain a robust throughput
method, easily to be implemented in water companies for routine analysis of PFASs. In
this sense, a method based on online pre-concentration was developed.

After optimization, the method was validated with different types of fortified matrices
and the quality parameters were evaluated according to the criteria described in the
Commission Decision 2002/657/EC. These results were compared with those using a
previously validated method by off-line SPE, for sample purification and pre-
concentration. In Figure 2.5 a comparison of MLOQ using the off-line and the on-line
approach is presented. This comparison shows that better MLOQ were obtained by the
off-line method.

~#-0n-line
Off-line

TN N

MLOQ

log (ng/L)

0.01

PFBA
PFPeA
PFHXA
PFHpA

PFOA

PFNA

PFDA
PFUdA
PFDoA

PFTrA
PFTeA
PFHXDA
PFODA

PFBS
PFHXS

PFOS

PFDS

FOSA

PFHXPA
PFOPA
PFDPA

Figure 2.5: MLOQ for off-line and on-line methods developed in this thesis

Although the MLOQ are better with off-line approaches, the sample volume required
for on-line (5 mL) is much lower than for off-line (150 mL of surface river water, water
from WWTP and PWTP and 250 mL of bottled water, tap water and well water). The time
consuming is also reduced and the robustness increases due to the low sample
manipulation in the on-line approach. All these things make the developed methodology’'s
suitable for the analysis of low-contaminated waters.

Finally, the method was applied to investigate the occurrence of 21 PFASs in water
cycle, including: 5 effluents from 5 different WWTPs, 48 river water samples (24 from
Spain and 24 from Germany), 2 well water samples, 3 samples along different steps of
the purification processes in a PWTP located at the federal state of Hessen (Germany),
84 tap water samples and 6 mineral bottled water samples.
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The results showed that the more frequently detected analytes were perfluoroalkyl
acids, in particular, PFBA, PFHpA, PFOA and PFOS. The highest concentrations were
found in surface waters and effluents from WWTPs (in the range of ng/L and pg/L), as it
was expected.

In Figure 2.6 is presented a graph with the main quantified compounds in the
effluents of the studied WWTPs. As can be seen, PFASs were detected in all
wastewaters. However, each WWTPs exhibited unique distributions of PFASs. In
addition, some similar trends were observed between WWTPs in Spain (bars in blue
tones) and WWTPs in Germany (bars in orange tones).

600
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100 — — — — — — — — — — — / —
90

&0 mSEL
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G-EL
GE2

20
) h_. D B . )

PFBA PFPeA PRHXA PFHpA PFOA PFNA PFDA PFURA PFTeA PFBS PFHxS PFOS FOSA

Figure 2.6: main compounds quantified in the effluents of the 5 WWTPs. Blue tones
correspond to Spanish WWTPs and orange ones to German WWTPs. The results are
expressed in ng/L.

Shorter carbon chain compounds, such as PFBA, PFHxA and PFHpA, were found in
all the samples from both countries, reflecting the replacement of PFOS and PFOA.
However, PFOS and PFOA were found in surface waters from Germany and Spain
indicating their long stability and poor degradability. On the other hand, in Germany
samples can be observed that short chain PFASs were the prevalent compounds. In
contrast, in Spain PFOS and PFOA were the most frequent analytes. In Spain PFOS was
detected in 46% of surface waters samples and PFOA in 63%. Figure 2.7 shows the
PFASs profile in river water samples from both countries.
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Figure 2.7: contribution percentage of PFASSs, for concentrations higher than MLOQ, in
river waters from Germany and Spain.

These results are in agreement with other recent studies indicating that shorter chain
PFASs are predominant in urban/industrial areas, while longer chain PFASs are, in
general, predominant in the fine-grained sediments from major depositional basins
(Myers et al. 2012). In addition, some authors have encountered that there is a
progressive increase of the contamination of short chain PFASs during the last years
(graph A from Figure 2.8). However, the study performed by Skutlarek et al. (2006)
presented extremely high concentrations of these analytes because of a contamination
episode. The substitution of 8 carbon chain PFASs by shorter ones can also be observed
in the graph B from Figure 2.8 although, it should be considered that the sampled areas
belonged to different countries with different climates and the rivers are altered by
different water regimes. These differences make impossible to strictly compare the
results and just general tendencies can be considered. Even though, the rough

approximation represented in graph bars in Figure 2.8 evidences the changes in
production of PFASSs.
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On the other hand, as PWTPs are one of the main introductions of PFASs in tap
waters, water samples from different steps in a German PWTP were investigated. The
results showed a redistribution of PFASs along the water treatments. In this case, the
water cached from river for potabilization purposes contained PFHpA, PFHXPA and
PFOPA. After the potable treatment, the water from the PWTP effluent (which arrives to
the consumers through the tap water) contained PFHpA and PFHxPA at lower
concentrations due to the redistribution of these analytes.

Regarding the analysis of different tap waters, German tap water contained PFHpA
which was also detected in effluent water from PWTP. In general, the most detected
compounds in Germany and Spain have been the shorter carbon chain PFBA, PFPeA
and PFHxS as well as the C8 based compounds: PFOA and PFOS (Figure 2.9).

FOSA PFOPA PFDPA

PFUnA PFDA PFNA
2% 3% 8%

Figure 2.9: Contribution percentage of PFASs, at concentration higher than MLOQ, in tap
waters from Germany and Spain.

In the case of Spanish tap waters, the most ubiquitous compound was PFBA followed
by PFOS. This pattern is a little bit different than reported before in tap waters from
Catalonia by Ericson et al. (2008b; 2009). The authors detected PFOA and PFOS as the
most ubiquitous compounds. This difference is an indicative of the substitution of longer
carbon chain based PFASs in the industry for shorter ones between 2008 and 2011.
Although the general concentrations of PFASs were at low ng/L, some tap water samples
in Spain showed extremely high contents of PFASs. In particular, the concentrations of
PFOS in some cases exceeded 100 ng/L. some tap water samples in Spain showed
extremely high contents of PFASs. In particular, in some samples from the same village
(near to Barcelona city), the concentrations of PFOS exceeded in some cases 100 ng/L.
The origin of this compound could be related to the direct contamination (from water
containers or tubing) or from the potable water.
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To compare the PFASSs in drinking water from this Thesis with previous works, all the
results for shorter carbon chain (PFBA, PFPeA, PFHXA, PFHpA, PFBS and PFHxS) and
for longer carbon chain (PFOA, PFNA and PFOS) are reported in Figure 2.10.

According with the provisional health advisory levels established by the USEPA in
2009 for PFOA and PFOS (EPA 2009), the majority of the samples may not pose an
immediate health risk to consumers, with the exception of 2 samples from Sant Feliu de
Llobregat, with PFOS concentrations exceeding these values. Other health-based values
for PFHxS (600 ng/L), PFBS (600 ng/L), PFHXA (1000 ng/L), and PFPeA (1000 ng/L) did
not exceed the reported concentrations in this thesis (Minnesota Pollution Control Agency
2007; EPA 2009).

After the publication of this work the third Unregulated Contaminant Monitoring Rule
for PFOS (40 ng/L), PFOA (20 ng/L), PFNA (20 ng/L), PFHXS (30 ng/L), PFHpA (10 ng/L)
and PFBS (90 ng/L) was established (USEPA 2012). Based on these concentrations, the
PFASs in tap water samples analyzed were higher for most of the compounds. However,
there is no data regarding the continuous exposure, which is especially relevant for
drinking water. On the other hand it is important to consider the total sum of compounds.
Due to the differences in health-based concentrations for humans, further research is
highly required for complete risk assessment of human exposure to PFASSs.

As observed in surface river waters, levels in drinking waters along the years showed
a similar profile. In general terms, the presence of shorter carbon chain in tap waters has
increased (graph A from Figure 2.10). This is another indication of the substitution of C8
based PFASs for shorter ones such as PFBA, PFPeA, PFHxA, PFHpA, PFBS and
PFHXxS. This hypothesis is also being confirmed with the study along the years of PFOA
and PFOS (graph B from Figure 2.10). Even though the phase out of C8 PFASs started
in 2000, these compounds are still present in surface river waters (Figure 2.8) and,
consequently, in tap waters.

Finally, the results of different brands of mineral water were consistent with previous
works (Ericson et al. 2008b). In general, concentrations were below de MLOQ with the
exception of few German brands, whose contained PFHxA, PFHpA and PFOS at trace
concentrations of ng/L.
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2.3.2 PFASs in sewage sludge

Main limitations in the analysis of PFASs in complex matrices are the matrix effects,
as matrix enhancement or ion suppression. For example, Dasu et al. (2010) reported the
hydrolysis of fluorotelomer compounds to fluorotelomer alcohol during the solvent
extraction of soils.

In Figure 2.11 are presented the percentage of matrix enhancement and ion
suppression obtained in fortified samples.

| MPFOS
| MPFHxS
| MPFDoA
MPFUdA

MPFDA

MPENA
MPFOA

MPFHxA

MPFBA

-80 -60 -40 -20 0 20 40
% Matrix Effect

Figure 2.11: Percentage of matrix effect observed in the present work for different spiked
samples, with a mixture of PFASs labelled standards at 10 pg/L. The matrix effect was
calculated according to:

Matrix effect (%) =

[100 x Surrogate Peak in extracts (n=3)/ Surrogate Peak in mobile phase (n=8)] — 100

Where: matrix effect > 0 = ion enhancement and matrix effects < 0 = ion suppression.

Most of the selected analytes exhibit ion suppression. Therefore, one of the main
objectives of this work was the development and the optimization of an analytical
approach based on an extraction and detection method able to eliminate most of matrix
interferences, but minimizing possible looses of target compounds. In this case we have
developed a PLE extraction to improve the extraction efficiency, sample manipulation and
reduce solvents consumption.

The methodology allows, in general, a MLOQ between 0.05 — 2.77 ng/g of PFASS,
recoveries ranging from 57 to 120 %, in most of the cases, and 2 — 30% of RSD.
Comparing these results with other published methods for this type of matrix, good quality
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parameters are obtained by PLE extraction (Table 2.3). The extraction by this method,
followed by a clean-up based on SPE, decreases the matrix effect of the sample.
However, as can be seen in Figure 2.11, the matrix effects were still present due to the
problems during the ionization of the samples.

The most relevant results in the sludge samples from 5 different WWTPs are the
presence of PFOS and PFOA. In general, PFOS was at much higher amounts than
PFOA. Compared to the previous reported results in the effluents of WWTPs from Spain
and Germany, the rough mass balance is not concluding since PFOS has been found at
extremely high concentrations in sludge and effluents. Once PFASs reach the WWTPs,
the treatments resulted ineffective for these highly stable compounds. However, there is a
redistribution of the most hydrophilic and the most hydrophobic compounds: while
perfluoroalkyl acids are discharged to the media through effluents, perfluoroalkyl
sulfonates are more likely retained in the sludge.

Figure 2.12 present the results from previous published works in order to compare
them with the results from this thesis.

According to the results pointed out in Figure 2.12, temporary trends related to the
industrial uses of PFASs cannot be distinguished. As an example, the presence of the
most recalcitrant and ubiquitous in sludge, PFOS, is incredible higher and it has not
decreased along the years. However, the represented results correspond to different
WWTPs, from different cities, receiving industrial and/or urban wastes. It is impossible to
conclude a clear temporary trend in the use of these analytes.

Nevertheless, it is confirmed that sludge from WWTPs contains high concentrations
of the most recalcitrant PFASs, PFOA and PFOS. Their presence is related to its initial
use or as degradation products from related compounds. The application of this sludge
as nutrient source in agricultural lands can introduce PFASs into the food as indirect
source.

On the other hand, in recent years the research has been focused on the study of
degradation mechanisms of fluorochemicals because an optimum removal treatment for
the most recalcitrant compounds such as PFOS or PFOA is required.
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Figure 2.12: PFASs ranges in sludge samples from WWTPs, from previous published
works compared with the present thesis, for the most detected analytes in this matrix,
expressed in logyy (Mg/Kg). 1) digested sludge from USA ; 2) sludge from Ontario,
Canada (D’Eon et al. 2009b); 3) sewage sludge from China (Guo et al. 2008); 4)
combined sludge liquors from New York State, USA (Sinclair et al. 2006); ; 5) sludge from
Kentucky and Georgia, USA (Loganathan et al. 2007); 6) sludge from Denmark (Bossi et
al. 2008); 7) sewage sludge from Spain (Navarro et al. 2011); 8) sewage from Singapore
(Yu et al. 2009); 9) sludge from Decatur and New York city, USA (Yoo et al. 2009); 10)
sludge from Shangai, China (Li et al. 2010); 11) sludge from Korea (Guo et al. 2010); 12)
sludge from Hong Kong, China (Ma et al. 2010); 13) digested sewage sludge from Zirich,
Switzerland (zZhang et al. 2010); 14) sludge and activated sludge from Thailand
(Kunacheva et al. 2011); and 15) sewage sludge from Catalonia, Spain (this thesis).
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2.3.3 Study of PFASs in biota from remote samples

This study represented valuable data since not many works have reported the
presence of PFASs in South Hemisphere. The major difficulties associated to the work
were the sampling strategy that needed to be dependent to climatological changes and
the sample availability. Other problems were associated to samples preservation, sample
pre-treatment (in case that it was necessary) and sample shipment. The main problem
with PFASs is the cross contamination during these steps. In order to rule out any
possible contamination, empty containers were used as blanks being exactly the same
batch of PP inert recipients used for sampling. These containers were carried on, in
parallel, with all the samples during sampling process, sample pre-treatment and
shipment.

Regarding the occurrence of PFASs in the South Hemisphere, results from Tierra del
Fuego (Ushuaia) have shown, in most of the cases, higher PFASs amounts than those
from the Antarctica as it was expected. A different distribution pattern depending on the
matrix type can be identified. In this context, the PFASs found in superficial soils in
Antarctic region can be associated to atmospheric transport according to Dreyer et al.
(2009). The compounds detected were those with shorter carbon chain such as PFHXA,
at low ng/g. The study performed by Dreyer et al. revealed that PFASs were susceptible
to be transported by the atmosphere because the authors found these analytes in all air
samples, predominantly in the gas phase. The concentrations decreased from continental
regions toward marine regions and from central Europe towards the Arctic and Antarctica.
The atmospheric oxidation of longer fluoroalquil analytes such as fluorotelomers is also
an introduction source of PFASs in remote areas. The higher concentrations of PFASs in
soil from Ushuaia compared with the Antarctica support such hypothesis. The study also
showed evidences that southern hemispheric concentrations of PFASs in atmospheric
samples were significantly lower than those for northern hemisphere. In this case, no
evidences were found comparing inhabited southern area (Ushuaia) with previous works
about fish samples (Ericson et al. 2008a; Hart et al. 2008) and soil samples (Alzaga et al.
2005; Nakata et al. 2006; Washington et al. 2007) from northern hemisphere.

However, the atmospheric transport cannot explain the higher levels of PFASs in the
Antarctica. Yamashita et al. (2008) referenced to thermohaline circulation system as a
major transport of “swimmer” PFASs. Ahrens et al. (2010) reported concentrations of
PFASs between < 11-51 pg/L of PFOS in Antarctic Circumpolar Current zone and they
supported the global transport models. Later on, Cai et al. (2012) reported similar
concentration levels for PFOA and PFOS in coastal seawater in Fildes Peninsula and
King George Island (Antarctica), confirming the oceanic transport for “swimmer” PFASSs.
This way of transport was in agreement with concentrations of these compounds
detected in algae samples from Ushuaia and from Antarctica (PFOS between 66.3 — 111
pg/Kg and PFOA and PFPeA ranging 0.30 — 1.80 pg/Kg in Antarctic samples, and PFHxA
at 3.42 — 240 pg/Kg in samples from Ushuaia). The perfluorocarboxylic acids found in
algae samples from Tierra del Fuego had comparable concentrations to other works
studying PFASs in commercial harbour areas such as Catalonia coast (Alzaga et al.
2005). The absence of harbour activity could explain the differences between algae levels
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in Antarctic samples and Tierra del Fuego. Although the introduction of these compounds
in algae organisms could be explained by the assimilation during algae respiration, more
studies are necessary in order to confirm it.

In the case of PFASs in biological samples such as fish, penguin tissue or penguin
dung can be explained by water transport and the introduction into the lower levels of
marine food web through the bioaccumulation and consequent biomagnifications.

In order to compare with previous works, Table 2.4 contains the concentration ranges
for different samples from the Antarctic region.

The present study reports a significant amount of results which globally supports the
previous models and empirical observations related to the transport, deposition and
bioaccumulation patterns of PFASs. Further efforts shall be done in order to minimize the
presence and emission of POPs in general, and PFASs in particular, for better
preservation of remote areas.
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2.3.4 Assessment of PFASs in beached marine debris and sediments

The study of PFASs in beached plastic pellets and beach sediment samples is a
recent approach. The degradation of plastic could contribute to PFASs contamination in
marine environments but, residues of these plastics, constitutes a reservoir of some less
polar PFASs.

The samples were selected due to their proximity with plastic sources such as
airports, harbours, mazut (heavy and low quality fuel oil), oil refineries (Aspropyrgos and
Elefsina), natural gas power plant, DOW chemical plant, near to cities (like Athens),
cement industry (Aget Heracles Industry) and Air force base (Mazona lagoon). Sampling
areas of this study are presented in the Figure 2.13.

Due to the problems associated to the cross contamination during the analysis of
PFASs, it was necessary to rule out any possible source of contamination from the virgins
plastic pellets as it has been detailed in the corresponding experimental section. The
analysis of plastic blanks showed levels below MLOQ, or even below MLOD, in all the
cases. These results indicate that PFASs found in the samples are not coming from the
raw material.

Regarding the concentrations detected in real samples, the main results are
summarized in Figure 2.13. In the case of sediment samples, at least one PFAS was
detected. The concentrations of PFASs range from 8.2 to 146 ng/Kg, being PFOA the
compound with highest levels. The other quantifiable compounds were PFDA, the
sulphonates PFOS and PFDS, in agreement with previous works, and some short chain
compounds such as PFBA, PFHxA and PFHpA.

The global fate of PFASs, as in the case of POPSs, is associated to different
biogeochemical cycles and geophysical drivers. Due to the physicochemical properties of
PFASSs, these are distributed between different environmental compartments. Based on
their specific partitioning property combinations, these compounds have been classified
as flyers, multi- or single hoppers or swimmers according to chemical transport behavior
at global scale ((Wania 2003, Lohmann et al. 2007). Shorter carbon chain could have an
atmospheric transport and be deposited by wet, or dry, deposition, on beach sediments
because of the typical Mediterranean climate in the Greek region: warm to hot, dry
summers and mild to cool with wet winters. The presence of PFPeA, PFOA, PFDA,
PFOS and PFDS in the samples should be linked to the water transport and finally
redistribution to beach sediment, from the coast through the waves. In addition, other
processes such as the degradation of longer related PFASs (for example fluorotelomers
to PFOA) or other stable fluorinated compounds in the atmosphere must be considered.
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x M E
1: Corfu Island (P,S) 5: Loutropyrgos (P,S) 0 PFHpA B PFDS 150 ng/Kg
2: Lavrio beach (P,S) 6: Pagasitikos Gulf (S) B PFHXA mBPFOS
3: Kato Achaia beach (P.S) 7. Amvrakikos Gulf 37 and 35A (S) PFPeA B PFDA 50 ng/Kg
4: Leros Island (P,S) 8: Aliveri (S) EOPFBA EPFOA 10 ng/Kg

Figure 2.13: sample sites and accumulated concentration of PFASs in sediments (S) and
plastic pellets (P); expressed in ng/Kg.

Another contamination source could be from airports, harbors, mazut and natural
power plants, oil refineries, cement industries as well as the proximity of the most
populated and polluted areas in Greece (Athens or Patras). For example, PFOS was
detected as the predominant compound in sampling sites near to Athens city (2, 5 and 8
from Figure 2.13). On the other hand, some waste materials are used in cement kilns as
a fuel supplement including car and truck tires (steel belts are easily tolerated in the
kilns), paint sludge from automobile industries, waste solvents and lubricants, meat and
bone meal (slaughterhouse waste), waste plastics, sewage sludge, rice hulls, sugarcane
waste, used wooden railroad ties (railway sleepers) and spent cell liner (SCL) from the
aluminum smelting industry (also called Spent Pot Liner or SPL) (Boyd 2001). These
sources of fuel supplements can easily contain PFASs and, during the combustion, these
compounds would be released into the environment arriving to reach the beach face in,
for example, Pagasitikos Gulf (6) and the bottom of the sea in Aliveri (8).
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PFASs were detected in all the plastic pellet samples. In general, concentrations of
PFAS range from 11 to 116 ng/Kg, despite that most of the compounds were below
MLOD or MLOQ. Major compounds were PFPeA with concentrations between 24 and 98
ng/Kg, PFHpA at 28 ng/Kg, PFOA at 76 ng/Kg, PFDA at 35 and 116 ng/Kg and PFOS at
11 ng/Kg. The highest concentrations were found in Lavrio beach and Kato Achaia
beach.

Previous research has shown that POPs such as DDE and PCBs become adsorbed
and concentrated onto the surface of plastic pellets, where the source is likely to be from
the surrounding seawater (Mato et al. 2000), similarly to PFASs. In addition, this is in
agreement with Berger et al. (2011), who studied the recoveries of perfluorinated acids
between 4 and 12 C chains, perfluorosulphonates with 4 and 6 C chain and FOSA
preserved with ultra pure water in a PP container with PP caps over a period of 3 months.
For compounds with low recoveries, the water was removed after the experiment and the
PP container extracted with methanol. The results demonstrated an adsorption between
20 and 60% onto PP container when the analytes are preserved in water, and that the
percentage of adsorption increased with the number of C atoms. Another study
performed by Loveless et al. (2006) reported that polymeric container (such PP and high
HDPE) can also partially adsorb long chain compounds, such as FOSA, PFOS and
PFOA. These studies supported the levels of PFPeA, PFOA, PFDA, PFOS and PFDS
found in the surface of analyzed plastic pellet samples since they are made of PP or PE.

The possibility that PFASs can also reach the terrestrial food chain after ingestion of
these plastic pellets by fishes (Gregory 2009) and seabirds (Colabuono et al. 2010)
should be considered. On the other hand, sunken marine debris of all kinds settling to the
sea floor at all depths for example in Mediterranean Sea has been reported (Galgani et
al. 2000).

The relationship between sediment and plastic pellets from the same origin confirms
a similar distribution pattern for the analytes (Figure 2.14). This is the case of Corfu
Island, Kato Achaia beach, Leros Island and Loutropyrgos although not all the same
analytes are present in both matrices. These differences can indicate a different origin of
PFASs. For example, Loutropyrgos shows PFBA and PFOA in sediment from near shore
zone, while plastic pellets only presented PFOA. The presence of PFBA and PFOA can
be explained by an origin in a near area such as the oil refinery. Once produced, they can
be transported through short-range transport.
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In the case of samples from Corfu Island, Kato Achaia beach and Leros Island, the
sediment samples corresponded to beach shore while the plastic pellets were collected
from the beach surface. In these samples, PFASs in plastic pellets were at higher
concentration levels than in sediments. A marine origin of PFASs (for example harbors) is
feasible. They can reach the beach shore by water transport through the waves.

On the other hand, the similar distribution pattern for PFASs in both matrixes
indicates that the residence time of plastic pellets in the corresponded sampled area was
high enough for accumulating these compounds from the water. The levels of plastic
pellets and sediments were incredible similar, with the same compounds, indicating that
PFASs did not come from longer distances. However, an exception can be observed for
Lavrio beach samples (Figure 2.14). The plastic pellets from this sampling point can have
a far away source or the difference can be attributed to the different sampling period
between plastic pellets and sediment samples. Nevertheless, it is necessary to analyze
more samples in order to obtain enough information for more conjectures about PFASs
origin and plastic pellets concentrations.
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3. PFASs in food

3.1 Introduction
Sources of food contamination can be classified in:

< Direct environmental exposure of plants and animals and/or bioaccumulation through
the food chain
¢ Indirect contamination: Cooking, food packaging and food processes

Direct environmental contamination. As it has been explained in the introduction,
and in chapter no. 2, following their release into the environment, PFASs can be
accumulated in plants and animals at the bottom of the food chain that are then
consumed by higher animals within the food chain. In particular, contamination of the
water cycle has been identified as one of major causes of PFASs in food. On the other
hand, the use of sewage sludge as fertiliser, and subsequent run-off, was also found to
contribute significantly to food and water contamination (Skutlarek et al. 2006). In
addition, bioaccumulation in food chains will lead to increased levels of PFASs in animal-
derived foods. Bioaccumulation of fish has been shown to be one of the main sources of
PFASs in human diet.

In spite, the high number of studies carried out during the last decade, evaluating the
accumulation of PFASs in aquatic biota, few extensive monitoring studies have studied
the occurrence of PFASs in human diet (Pérez et al. 2012b). In a market basket study, in
Sweden, Berger et al. (2009) found that PFOS and PFOA concentrations were below the
quantification limits in composite samples of foods from animal origin. However,
predatory fish from the largest lake in Sweden had substantially elevated levels of several
PFASs. In another work, Ericson et al. (2008) studied the dietary exposure to PFASS in
Spain. In this study, the dietary intake of PFASs for different age and gender groups was
estimated and it was found to be on average between 0.9 and 1.1 ng/kg bw/day for adult
male population. Fish, followed by dairy products and meats, were the main contributors
to PFOS intake due to their bioaccumulation and biomagnification through the food chain.
Similar conclusions were reported by Berger et al (2009). In this work, fish consumption
was identified as one of the main sources of human exposure in Sweden. Ostertag et al.
(2009) estimated the dietary exposure to PFASs from traditional food among Inuit in
northern Canada. In this study the bioaccumulation of PFASs through the food chain and
their contribution to the Inuit dietary exposure was revealed.

Indirect contamination. Main indirect sources of PFASs contamination in food are
during cooking processes using certain types of materials, food packaging and food
processes (Pérez et al. 2012b). Food preparation is a source of contamination (Tittlemier
et al. 2007), but preliminary data on the influence of domestic cookware on levels of
PFASs in the preparation of food indicated no elevated levels for a limited number of
experiments (Powley et al. 2005) and, Del Gobbo et al. reported that the cooking
decreases of PFASs concentrations in fish.
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Packaging may also introduce chemicals into food, e.g. PFASs used in greaseproof
packaging for fast foods and special packaging. In these situations, PFASs entry into
food via migration from food package (Tittlemier et al. 2007).

In 2000, the European Commission published a White Paper on Food Safety, which
underlined the importance of ensuring the highest possible standards of food safety and
proposed a new approach to achieve them. However, it has been recently when PFASs
have gained increasing scientific and socio-economic interest as food contaminants due
to the unique combination of persistence, toxicity and environmental prevalence. In 2008,
PFASs were recognised as emerging contaminants in the food chain by the European
Food Safety Authority (EFSA). EFSA has established the Tolerable Daily Intakes (TDI)
for PFOS and PFOA at 150 ng/kg body weight/day and 1500 ng/kg body weight/day,
respectively (EFSA 2008). PFASs are now included in different health programs in the
United States to provide a better assessment of the distribution, toxicity, and persistence
of these compounds in humans (Richardson 2008) and are the target of several projects
of the VII European Research Framework Programme (Pico et al. 2010), such as
PERFOOD or Conffidence.

However, the risk assessment of the dietary exposure to PFASs is hampered by the
lack of sufficient data about the occurrence of these contaminants in food.

Therefore, a growing number of studies have been reported during last few years the
occurrence of PFASs in food. The outcome of these studies has been related with the
potential dietary intake and the exposure levels (mainly by the estimation of the daily
intake). Some selected examples from the literature are summarized in Table 3.1.
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3. PFASs in food

3.2 Experimental work

It should be mentioned that, when this work has started, most of the data about
PFASs were limited to the environmental occurrence and accumulation in biota, but not in
the food basket. For example, fish data was available in some species, but in most of the
cases was mainly related to the aquatic food chain, and species of large consume were
not previously evaluated. In this sense, it was suspected that fish was one of the main
contributors of exposure in human diet, but comparative results were not available. About
breast milk, some more data was available, especially as a marker of human exposure. In
addition, most of the data was related to a very limited number of compounds and, in
general, PFOS and PFOA.

Therefore, series of lacks were identified, and series of studies raised which, the
main goal was the study of PFASs in human diet. Taken into account that the analytical
methods available in that time were not designed for the analysis of food, the first
objectives were the analytical development, optimization and validation of analytical
approaches specifically designed for:

» Fish — because it was suspected to be one of the main contributors of PFASs
in human diet

» Breast milk, milk formulas and baby food — because children are suspected
to be a sensitive population in front the PFASs exposure

Then, different studies were carried out in order to contribute to the PFASs
occurrence knowledge’s in selected commodities, and to evaluate the risk associated to
PFOS and PFOA contents in some particular cases.

In addition, the results of a step-by-step validation approach carried out under the
frame of the work in the Conffidence EU project will be presented. In this case, we have
collaborated in the development and validation of a rapid and cost effective analytical
approach for the analysis of PFASs in fish and dairy products, and we have organised a
European interlaboratory study to test the good transferability and performance.

Finally, the results of a European survey to study the occurrence of PFASs in
European fish markets will be presented. This study was carried out under the frame of
the Conffidence project in order to supply and collaborate with the current European data
base organised by the EFSA.

The experimental results are provided in the following publications.

192



3. PFASs in food

3.2.1 Scientific publication 4:
Llorca, M., Farré, M., Pico, Y., and Barceld, D. (2009)

"Development and validation of a pressurised liquid extraction liquid chromatography-
tandem mass spectrometry method for perfluorinated compounds determination in fish"

1216(43): 7195-7204 Journal of Chromatography A
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Keywoerds:

Perfluorinated compounds

Food safety
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Pressurized liquid extraction (PLE)
Solid-phase extraction (SPE) clean-up
LC-MS/MS

Quadrupole-linear ion trap (QqLIT)

This paper describes the development and validation of an analytical methodology to determine eight
perfluorinated compounds (PFCs) in edible fish using pressurized liquid extraction (PLE) with water and
solid-phase extraction (SPE) with an ion-exchanger as extraction and pre-concentration procedures, fol-
lowed by liquid chromatography-quadrupole-linear ion trap mass spectrometry (LC-QqLIT-MS). The
rapidity and effectiveness of the proposed extraction procedure were compared with those most com-
monly used to isolate PFCs from fish (ion-pairing and alkaline digestion). The average recoveries of the
different fish samples, spiked with the eight PFCs at three levels (the LOQ, 10 and 100 pgkg~' of each
PFC), were always higher than 85% with relative standard deviation (RSD) lower than 17%. Agood linearity
was established for the eight PFCs in the range from 0.003-0.05 to 100 pg kg~!, withr >0.9994. The limits
of quantification (LOQs) were between 0.003 and 0.05 pgkg!, which are well below those previously
reported for this type of samples. Compared with previous methods, sample preparation time andfor
LOQs are reduced. The method demonstrated its successful application for the analysis of different parts
of several fish species. Most of the samples tested positive, mainly for perfluoropentanoic acid (PFPA),
perfluorobutane sulfonate (PFBS) and perfluorooctanoic acid (PFOA) but other of the eight studied PFCs

were also present.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Perfluorinated compounds (PFCs) have been and are used in
a wide variety of industrial applications, such as stain repellents,
textile, paints, waxes, polishes, electronics, adhesives and food
packaging [1,2]. They have been manufactured for more than 50
years, having been estimated that from 1951 to 2004 up to 7300
tons were released into the environment following production and
use [1]. As a consequence, these compounds show a global dis-
tribution all over the world and have been detected not only in
environmental samples but also in human blood and liver. PFCs
show persistence in the environment and some of them are related
to different carcinogenic actions, for example perfluorooctanoic
acid (PFOA) has been identified as a potent hepatocarcinogen in
rodents [3,4]. Meanwhile PFCs have been recognized as emerg-
ing contaminants in the food chain by the European Food Safety
Authority (EFSA), which have recently finalized its opinion on

* Corresponding author. Tel.: +34934 006 100; fax: +34 93 204 59 04.
E-mail address: mfuqam@cid.csic.es (M. Farré).

0021-9673/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016j.chroma.2009.06.062

perfluorooctane sulfonate (PFOS), PFOA and its salts establishing
tolerable daily intakes (TDI) of 150 ng kg1 baw.day~1 for PFOS and
1500 ng kg1 b.w.day~1 for PFOA [5]. The opinion of the EFSA on
these compoundsalso highlights that concentrationlevels, contam-
ination pathways, and toxicological potency should be assessed in
the food chain and expresses its concern by the lack of available
data [5].

A growing but still insufficient number of studies report on the
occurrence of PFCsinfood and drink [6-9]. In these papers, bioaccu-
mulation infish has been shown to be the main influence of PFCs in
dietary exposure [10]. Some reports have also found a positive cor-
relation between PFCs concentrations in plasma and consumption
of fish, corroborating the importance of this exposure route [11].
Accordingly, these compounds have been widely analyzed in blood,
bile and liver [ 12-16] but not so often in the edible part (muscle) of
fish [17,18]. Levels of PFOS and PFOA have been reported in mussels,
oysters, shrimp and fish from different countries [19-22]. However,
it is often impossible to give details of the other PFCs homologues
present in this matrix.

So far, most of the analysis methods to determine PFCs are
based on liquid chromatography coupled to mass spectrometry
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or tandem mass spectrometry approaches (LC-MS or LC-MS/MS)
[1,2]. Among them, triple quadrupole (QqQ) MS is the most widely
employed analyzer because of their high dynamic range and good
performance when working in selected reaction monitoring (SRM)
mode [1]. In the recent LC-MSfMS methods, ion paired, potas-
siumn hydroxide or solvent extractions were applied, for which the
reported limits of quantification (LOQ) for PFOA and PFOS were
as low as 1gkg! [2]. However, many challenges still remain
for either LC-MS/MS or the sample preparation protocols. Hybrid
MS instruments have proved to be powerful tools to achieve
high sensitivity, specificity and selectivity, as they combine the
main advantages of the two analyzers (i.e. quadrupole and time
of flight in case of QqTOF or quadrupole and liner ion trap in
case of QqLIT) [23,24]. The main advantage of the hybrid QqLIT
over other LC-tandem MS equipments relies on that it achieves
unequivocal identification and confirmation of target compounds
at highly sensitive levels [23,25]. Its unique feature is that the
second mass analyzer, Q3, can be run in two different modes,
retaining the classical QqQ scan functions such as SRM, prod-
uct fon, neutral loss, and precursor ion while providing access to
sensitive ion trap scans. This allows very powerful scan combi-
nations when performing information-dependent data acquisition
(IDA), enhanced product ion (EPI) or MS? experiments obtain-
ing concomitantly both quantitative and qualitative information.
Simultaneously, modern extraction and clean-up techniques, such
as pressurized liquid extraction (PLE), microwave assisted extrac-
tion (MAE) or solid-phase microextraction (SPME), have not been
applied to the determination of PFCs yet. These techniques provide
rapidly and accurately clean extracts for sensitive analysis [24].

Consequently, the aim of this study was the development and
validation of a simple, sensitive and selective analytical method-
ology to determine eight PFCs, using PLE with water and SPE
on ion-exchanger for the extraction and pre-concentration of tar-
get compounds from various fish samples including liver, muscle
and roe. To our knowledge, this work is the first example of the
application of PLE for the determination of PFCs from food. Target
compounds were perfluorobutanesulfonate (PFBS), perflucropen-
tanoic acid (PFPA), PFOA, PFOS, perfluoro-7-methyloctancic acid
(i,p-PFNA), perfluorononaoic acid (PFNA), perfluorodecanoic acid
(PFDA) and perfluoro-1-decanesulfonate (L-PFDS). Validation com-
prised the assessment of linearity, limit of quantification, recovery
and precision. To prove the potential of this method, a compari-
son with ion-pairing and alkaline digestion extractions, - the two
most widely employed procedures to extract PFCs from fish — was
alsoincluded in this study. The ion-pairing forms neutral species of
the anionic surface-active FFCs making them extractable from food
samples by organic solvents. The use of alkaline digestion helps to
extract bound PFC residues by removing lipids and proteins before
extraction. Analyte identification and confirmation was performed
using a LC-QqLIT-MS/MS in compliance with the EU regulations
(EU Commission Decision 2002/6 57 [EC). Finally, PFC residues were
determined in different fishes taken in several markets of Valencia
and Barcelona cities.

2. Experimental
2.1 Chemicals

The isotope-labelled internal standards (ISs) perfluoro-
n-[1,2,3,413C4]octanoic acid (MPFOA), perfluoro-1-[1,2,3,413C4]
octanesulfonate potassium salt (MPFOS), and perfluoro-n-
[1,23Cy]decancic acid (MPFDA) as well as sodium L-PFDS,
PENA and i,p-PFNA were purchased from Wellington Laboratories
(Guelph, Ontario, Canada) as 50 pgml~1 methanolic solutions
(1.2 ml). Tetrabutylammonium PFBS (purum = 98%), PFOS sodium

M. Liorca et dl./ J. Chromatogr. A 1216(2009) 7195-7204

salt (98%), PFPA (97%) PFOA (96%), PFDA (97%), were purchased
from Aldrich (Steinheim, Germany). Separate stock solutions of
the analytes were prepared in methanol at a concentration of
1.0mgml~" of free compound or salt. A standard mixture contain-
ing the 8 analytes was made from the stock solutions (commercial
or laboratory made) to provide different concentrations of the
analytes depending on their expected concentrations in fish and
on the sensitivity of the method. Concentrations of the analytes
in the standard mixture were calculated as free compounds.
Working mixtures were diluted from the standard mixture in
methanoljwater both 20mM ammonium acetate (1090, v/v).
Solutions of ISs were diluted to a concentration of 2 p.gmi~! with
methanol/water both 20 mM ammonium acetate (10/90, v/v), and
appropriate volumes of the ISs were added to fish samples so as to
obtain concentrations of 1.5 pgkg=1 in the sample material.

LC-grade ‘suprasolv’ water, methanol and acetonitrile were
purchased from Merck (Darmstadt, Germany). Deionized water
(<18 M£2 cm resistivity) was from a Milli-Q SP Reagent Water Sys-
tem (Millipore, Bedford, MA, USA). All the solvents were passed
through a 0.45 p.m cellulose filter from Scharlau (Barcelona, Spain)
before use. Analytical grade reagent sodium sulfate anhydrous and
glacial acetic acid were also from Scharlau. Ammonium acetate
(99%, pa for HPLC) and sea sand were from (Sigma-Aldrich, Stein-
heim, Germany). Ammonium hydroxide (25% in water), sodium
hydroxide (analytical grade), tetrabutyl ammonium hydrogen sul-
fate and methyl-ter-butyl ether were from Merck (Darmstadt,
Germany).

Qasis Wax cartridges of 60mg (3 cm?), particle size 30 p.g and
pore size 80 A used were from Waters (Milford, MA, USA). Oasis
WAX is a polymeric reversed-phase, Weak Anion Exchange mixed-
mode sorbent that allows for the retention and release of strong
acidic compounds (e.g. such as sulfonates).

2.2. Sampling

The following fish species were purchased in retail fish mar-
kets and supermarkets as a whole fish: young hake (Merluccius
bilinearis, n=>5), anchovy (Engraulis encrasicolus, n=>5) and striped
mullet (Mujil cephalus, n=3). Each sample of young hake and
anchovy weighted around 2 kg (ca. 16 specimens/sample and 100
specimensfsample, respectively) and each sample of striped mullet
consisted of only one specimen {weights between 180 and 520g).
Furthermore, hake roe (n=2) and swordfish fillets (Xiphias gladius,
n=3) were also taken in these markets. All the samples were sent
in fresh conditions (on ice) to the laboratory. Whole fishes were
dissected, taken the liver and the entire right dorsal lateral fillet
with the skin. The liver was completely and carefully separated. The
livers corresponding to each sample were homogenized together.
The right dorsal lateral fillets, swordfish fillets and hake roe were
cut in small pieces. Subsamples of 200 g were homogenized using
a bapitaurus food chopped (Taurus, Berlin, Germany), placed into
polyethylene (PP) bags and stored at —80 °C prior to analysis.

2.3. Sample preparation

2.3.1. Pressurized liquid extraction

The muscle and liver samples (ca. 2g, fresh weight) were
weighted into a porcelain mortar, added with the ISs and homog-
enized with approximately 25g of sea sand using a pestle. The
advantages of homogenizing the tissue with sea sand were to dis-
rupt the cell membranes (the great pore and particle sizes of this
solid support in comparison with others helps to gridding the sam-
ple) and to disperse the sample over a large surface area to obtain
better extraction. This mixture was put into a 22 ml extraction cell
then, this cell was filled up with washed sea sand. Whatman glass
fiber filters were placed at the bottom and top of the extraction cell
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to avoid the obstruction of metal filters by solid particles. Samples
were extracted by PLE using an ASE 200 system (Dionex, Sunny-
vale, CA, USA). The sample was heated to 110 °C with a static period
of 7min and extracted by a flush volume of 100% in 3 cycles using
water. Pressure was set to 1500 psi and purge time to 1min. The
final extracts had a volume of 42 ml.

The process SPEfclean-up used in this work was based on
that reported by Ye et al. [26] for the analysis of perfluorinated
compounds in carp fillets. Briefly, Oasis WAX 3 cartridges were con-
ditioned by passing 4 ml of 0.1% ammonium hydroxide in methanol,
4 ml of methanol, and 4 ml of deionized water through the cartridge.
The PLE extract was passed through the cartridge, that was then
washed with 4 ml of 25 mM acetate buffer (pH 4) followed by 4 ml
of methanol. The PFCs were eluted with 4ml of 0.1% ammonium
hydroxide in methanol. SPE extracts were concentrated to 0.5ml
under nitrogen (60 °C) using a Zymark TurboVap concentrator.

2.3.2. Alkaline digestion

Samples were analyzed using a modification according to Ye et
al. [26] of a method described by Taniyasu et al. [27]. About 1g
of liver and muscle (fresh weight) was homogenized with 5ml of
water using Ultraturrax T-25 digital homogenizer and added with
the IS. The homogenate was combined with 8 ml of 10 mM sodium
hydroxide in methanol. Each sample was digested by shaking on
an orbital shaker table at room temperature for 16 h. After diges-
tion, samples were centrifuged at 2000 x g for 5min, and 3 ml of
the supernatant was diluted with 27 ml of deionized water prior to
solid phase extraction (SPE) cleanup as described for the previous
procedure.

2.3.3. lonic-pair extraction

The sample pre-treatment procedure was similar to that
described by Hansen et al. [28] except for some modifications.
Briefly, 5ml of distilled water were added to the homogenized
tissue sample (about 1g, fresh weight) and spiked with the ISs.
After homogenization on an Ultra Turrax homogenizer, 1 ml of TBA
(0.5M, pH 10) and 2 ml of sodium carbonate solution (0.25 M) were
added to the homogenized tissue sample. The sample solution was
agitated on a vortex mixer for 20s and 5ml MTBE was added.
After agitation on an orbital shaker for 20 min, the sample solution
was centrifuged at 3000 rpm for 10 min (at 25 °C). The organic and
aqueous layers were separated by centrifugation, and an exact vol-
ume of MTBE (4.0 ml) was removed from the solution. The aqueous
phase was again extracted twice with two fresh portions of MTBE
solution (4 ml); all rinses were combined in a second polypropy-
lene tube. The solvent was allowed to evaporate under nitrogen
using the Zymark TurboVap before being reconstituted in 0.5ml of
methanol-water both 20 mM ammonium acetate (10/90, v/v).

2.4, Liquid chromatography-quadrupole-linear ion-trap mass
spectrometry (QTRAP)

Perfluorinated compounds were analyzed on a 4000 Q TRAP™
MS/MS system from Applied Biosysterns/MDS Sciex (Concord,
Ontario, Canada) coupled to a Symbiosis™ Pico system (Spark Hol-
land, Emmen, The Netherlands). The latter integrated HPLC and
Online SPE systemn but only the HPLC system was used that basically
consist of an Alias™ autosampler and two high pressure gradient
LC pumps with a 4-channel solvent selector for each pump. Separa-
tions were accomplished on a LiChroCART-LiChrospher 100 RP-18
analytical column of 250 mm x4 mm and 5 pm particle diameter
from Merck at room temperature. The mobile phase consisted of
20 mM ammonium acetate in water (solvent A) and 20mM ammo-
nium acetate in methanol (solvent B) and was delivered at a flow
rate of 0.5 ml min~1. The linear gradient elution program was as fol-
lows: 10-80% B over 5min, then 80-90% B over other 5 min followed

by an isocratic hold at 90% B for 8 min. At 18 min, B was returned to
10% in 2 min. The total run time for each injection was 20 min and
the injection volume 20 .l. The mass spectrometer was operated in
the negative ion mode with a TurbolonSpray source. The selected
reaction monitoring (SRM) conditions and the retention time of
each analyte are listed in Table 1. The other ionization parame-
ters were as follows: curtain gas (CUR), 30 (arbitrary units); ion
source gas 1 (GS1), 25 (arbitrary units); ion source gas 2 (GS2), 25
(arbitrary units); source temperature (TEM), 350 °C; ionspray (IS),
—4500V; entrance potential (EP), —10V, collision cell exit potential
(CXP) —10C and declustering potential (DP) —25V.

The dwell time of each MRM transition was 150 ms. The mass
spectrometer was controlled by Analyst 1.4.2 software from Applied
Biosystems/MDS Sciex and the Symbiosis from the Symbiosis Pico
for Analyst software.

2.5. Quality assurance

Validation of the method included determination of linearity
range, intra-assay precision, accuracy, matrix effects, limit of detec-
tion (LOD) and LOQ. With the exception of linearity, the validation
experiments were performed by spiking muscle and liver samples
of young hake and anchovy with all 8 compounds. For spiking the
sample, 1 or 2 g portions of chopped fish were placed in the appro-
priate container according to the further extraction method and
spiked with the PFCs standard solution, taken care to uniformly
spread them on the sample. The spiked sample was left for 10 min
at room temperature to ensure the appropriate distribution in the
matrix. Then, the sample was processed, as reported in Section
2.3, depending on the extraction procedure. Five replicates of sam-
ple preparation and analysis were performed at each level. For the
assessment of all the mentioned parameters, the analyte response
was always related to the IS response (1.5 g kg~ of each, MPFOA,
MPFOS and MPFDA) to compensate for undesirable matrix effects
and losses during the extraction procedure. The ISs were selected
because at the beginning of this study they were the only available
ones.

Procedural blanks were carried out by the three extraction pro-
cedures and they did not show contamination by PFCs for the entire
method. Blank tests were also carried out on all the sample contain-
ers to rule out possible contamination from the sampling, storage
and shipment contained. Of the 18 fish samples analyzed, only two
samples, one of young hake and other of anchovy did not show PFCs
contamination. They were used for the matrix effect and recovery
studies as well as, for LOD and LOQ assessment.

Finally, in order to comply with internal quality control (IQC)
procedures, two control samples (spiked materials), two solvent
injections and two procedural blanks were inserted into each ana-
lytical batch made up of six samples. The individual values obtained
for control samples were plotted on a process-behaviour chart dur-
ing the entire duration of the study to establish if the analysis is in
a state of statistical control or not.

251 Selectivity

For identification purposes, retention times of PFCs in the stan-
dards and in the samples were compared at a tolerance of £2.5%.
Moreover, in accordance with the 2002/657/EC Decision [29], the
relative ion intensities (each product ion area signal versus the base
product ion area signal) of the spiked samples were compared with
the relative ion intensities of PFCs standard solutions, at the same
concentration levels as used for the construction of the calibration
curve.

Selectivity in fish samples was demonstrated by analyzing 10
young hake and 10 anchovy extracts. These test samples, were ana-
lyzed by the three methods, being negative for PFCs.
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IS deprotonated molecules [M-H] -, monitored transitions (including the tentative identification of the production), retention times (RT), collision energies (CE) of the PFCs

in the order of retention time.

Analyte 1S tg (min) Transitions m/z Tentative ion identification Transitions ratio CE (V)
PFPA MPFOA 9.36 263>219 [M-H-CO; ]~ 1.00 —15
PFES MPFOS 200>80 [SOs]~ 1.00 —30
299> 99 [FS0:]~ o011 —-80

PFOA MPFOA 11.02 413>169 [CG:F7]- 1.00 =25
413>369 [M-H-CO, |~ 0.42 -25

413>219 [CaFo]- 0.23 =25

MPFOA 11.02 417 >372 [M-H-CO2 ]~ —25
ip-PFNA MPFDA 1154 463 > 169 [CaF7]- 1.00 —-15
463>219 [CaFo]- 0.80 -15

PFNA MPFDA 11.83 463>219 [CaFo]~ 1.00 —-15
463 >169 [GF7]- 0.90 —15

PFOS MPFOS 11.77 499>80 [C:F7]- 1.00 -15
499> 99 [FS04]~ 0.20 —100

499 > 280 0.01 100

MPFOS 11.77 503 >80 [CaF7]- 100
PFDA MPFDA 12.85 513> 119 [GFs]- 1.00 —100
513> 469 [M-H-CO, ]~ 0.40 =35

513>268 0.02 =35

MPFDA 12.85 515> 471 [M-H-C0, |~ -35
L-PFDS MPFOS 13.61 599> 30 [50:]~ 1.00 100
599> 99 [FSO5]~ 0.20 100

Amajority of the PFCs were separated chromatographically from
each other during the LC run, as demonstrated in Table 1. Selec-
tivity was assured by utilizing a QqLIT system in MS/MS mode,
in which single chromatographic peaks were observed for all SRM
transitions, except for i,p-PFNA and PFNA.

2.5.2. Limits of detection and quantification

The LOD was defined as the lowest concentration for which the
peak area was at least three times larger than the background noise.
Criteria for the LOQ were established as the lowest concentration
fulfilling all of the following criteria: (1) bias from the calibration
curveless than 2 5%, (2)relative standard deviation of four replicates
below 19%, (3) peak shapes acceptable, and (4) signal-to-noise ratio
atleast 10. The LOQs obtained served asthe lower limits of thelinear
range.

25.3. linearity

Linearity range was defined by plotting the peak area ratio of
the PFC to the IS versus PFC concentration. The following criteria for
linearity range were applied: linear regression through zero with a
correlation coefficient better than 0.990, bias from the calibration
line less than 25% for all individual calibration points, and RSD of
four replicates less than 25%. The lower limit of the linear range was
at LOQ.

2.5.4. Matrix effect

The matrix effects were assessed by comparing the response
of the analytes at 10 g kg~! concentration in 20 mM ammonium
acetate methanol fwater (10/90, v/v)solution to the response of the
analytes spiked at the same concentration into an extract of a blank
matrix sample extract (young hake or anchovy) obtained through
the sample preparation process.

2.5.5. Recovery and precision

According to the 2002/657/EC Decision [29], since no certified
reference materials were available for the analytes and matrices of
interest, the recovery from fortified negative sampleswas measured
as an alternative to trueness. Briefly, negative samples of tissue and

liver of anchovy and young hake (previously analyzed and found
to be not contaminated) were spiked in quintuplicate as previously
described with the eight PFCs at three different levels (LOQ, 10.0,
100.0 pgkg™1). Precision, expressed as repeatability, was calculated
by repeated analyses on the same sample sets as used for recovery
tests, with the only difference that independent samples were re-
extracted and analyzed on two other occasions for calculating inter-
day repeatability.

3. Results and discussion
3.1 LC-MS/MS optimization

Many earlier studies have reported the use of conventional Cqg
LC columns for the separation of PFCs [7,9,10,30]. Under the mobile
phase flow rates and gradient described above, PFCs were well
resolved at retention times inthe range of 9-14 min. The presence of
a volatile salt (ammonium acetate) in the mobile phase is essential
to obtain a proper peak shape. This salt could cause a suppressing
effect on the analyte signal. Several ammonium acetate concen-
trations (5, 10, 20 and 30 mM) were evaluated to determine the
mobile phase that offers short retention time and sufficient reso-
lution for the PFCs with little or no suppression in signal-to-noise
ration of the analytes. Up to 20 mM the possible reduction of the MS
response of the analyte is compensated for by the improvement in
peak shape providing a negligible reduction in the intensity of the
signal observed.

Identification of the compounds was based on (1) precursor ion
(deprotonated molecule), (2) two or three (when possible) selective
product ions, and (3) retention time (Table 1). The most intense
production of each compound was used for quantification. The only
exception was PFPA, for which only one product ion was obtained at
reasonable intensity. For theisotope-labelled [Ss, only one fragment
ion was monitored.

SRM transitions were chosen after optimization of the
conditions considering both, sensitivity and selectivity. The pre-
cursor — product ion transitions reported in Table 1 are the same
reported in earlier studies using LC-QqQ-MS/MS [17,19-21,31-34].
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Table 2

Instrumental parameters of the LC-QqLIT-MS method developed for the analysis of PFCs (values obtained by injection of standard solutions in methanol-water 20 mM

ammeonium acetate (10:90, v/v)).

Compound Calibration range (ng1-1) R? ILOD (pg) 1LOQ (pg) Repeatability (RSD 50 pg1-1)
PFPA 0.05-1000 09994 0.0003 0.001 10
PFBS 0.05-1000 0.9996 0.0003 0.001 12
PFOA 0.005-50 0.9994 0.00003 0.0001 13
PFNA 0.01-100 09994 0.0006 0.002 15
i,p-PFNA 0.01-100 0.9999 0.0006 0.002 9
PFOS 0.003-300 0.9996 0.0002 0.0006 7
PFDA 0.05-500 0.9996 0.0003 0.001 i
PFDS 0.05-500 0.9999 0.0003 0.001 12

However, those studies have used different precursor — production
transition for quantification of the perfluorinated carboxylic acids
(PFCAs)[19,31-33], e.g. product ions mf{z 369,419, 446 instead of the
mfz 169, 169 and 119 used here for PFOA, PFNA and PFDA, respec-
tively. Apparently, the lower mass fragments are more intense using
the QqLIT mass analyzer than the QqQ, at least, in the chosen con-
ditions. For perfluorinated sulfonates (PFSs) the product ions m/fz
80 and 99, were used previously [19,31-33].

The ion ratios were calculated from calibration samples at five
concentration levels between LOQ and 150 LOQ, and did not show
dependence on the concentration. The variation of the ion ratios
was below 10%, except for PFPS that shows higher variation up
to 15%. The evaluated stability of the ion ratios was thereby in
agreement with previous studies, in which the ion ratio tolerance
between 20% and 50% was used.

The two stereo-isomers, PFNA and i,p-PFNA, are not separable
by precursor or product ions, but with the LC-conditions used they
were separated to baseline with a 0.2 min difference. Because of the
high sensitivity of the QqLIT system, all transitions were acquired
simultaneously at a relatively high flow rate for mass spectrometry
without loss sensitivity.

The calibration curves obtained for both the quantification and
the confirmation SRMs were linear for all compounds in a wide
range of concentrations, typically from LOQ to 100ngml~! with
correlation coefficients (R?) higher than 0.9994 for all compounds
(see Table 2). It has been recently demonstrated that a quite wide
dynamic measuring range of the analytical method is needed in
order to quantify levels of PFCs in fish because they highly vary
between samples [17,19].

In this study, the QqLIT instrument was used to perform the
LC-MS/MS analyses in the SRM mode. As an additional feature, in
this instrument, the SRM mode can be combined with attractive
working modes (EPT and MS? modes) for the unambiguous con-
firmation of compounds. However, these modes have a limitation
because the isolation and fragmentation steps are both occurring
in the LIT, only fragment ions produced with mfz values of 30% of
the parent mass and higher are stable in the ion trap. This draw-
back is difficult to overcome for perfluorinated sulfonates. On the
contrary, a shortcoming of the use of the SRM mode is that at
low concentrations of analyte, the second SRM transition is not

detected, which is solved because of the higher sensitivity of this
system.

3.2. Optimization of the PLE procedure

All parameters affecting the PLE extraction efficiency, such as
temperature, pressure, static time, cell size, number of extraction
cycles and flush volume, were carefully evaluated by the absolute
recovery obtained by external standard calibration (without adding
the IS). The optimum conditions were those reported in Section
2.3.1. The parameters with stronger influence on the recovery were
the temperature, number of cycles and flush volume. The reported
values were considered optimum because lower values provided
considerable low recoveries whereas higher ones did not provide
an increase in the recovery that justifies the longer time required.
PLE using water as a solvent has already been reported to determine
other contaminants and residues in food [35,36].

These reports [35,36] also check different dispersing agent and
solvents. In this study, the sea sand was directly selected because
it has thicker particle diameter that the other sorbents favoring
the dispersion of the sample [35]. Some procedures treat the sand
with EDTA to deactivated metal impurities present in the sorbent
surface and, probably, chelates also present in the matrix facili-
tating decomplexation of analytes. PFCs recoveries does not show
differences between EDTA treated and non-treated sand probably
because they do not strongly bind to metals.

Methanol, water and methanol-water (50:50, v{v) were tested
as extracts at different temperatures, to establish the better condi-
tions. The best results were obtained with water at 110°C and the
coupling of the extraction with the clean-up by SPE is much easier
with water. The mixtures of methanol required an additional step to
evaporate the sample or to dilute the sample, which is detrimental
for the LOD.

3.3. Validation

Selectivity of the method may be deteriorated by presence of
endogenous species in biological extracts. It was difficult to find
fishes without PFCs, especially when the LOQs are as low as those
reported in the present study. However analysis of two blank sam-

Table 3
Recovery and RSD obtained at three concentration levels in liver and muscle fish using the PLE method.
Compound Liver Muscle
Conc? Rec., % Conc. Rec., % Conc, Rec, % Conc.* Rec., % Conc, Rec, % Conc. Rec., %
pgke ! (x+RSD) pgke! (x+RSD)  pgkg! (x4 RSD) pgkg ! (x+RSD) pgkg! (x4 RSD) pgkg ! (x+RSD)
PFPA 0.05 85+17 10 86+9 100 85+ 9 0.025 8949 10 88+ 8 100 8947
PFBS 0.05 87 £ 12 10 88 £ 10 100 89+ 15 0.025 90 £+ 15 10 89+ 11 100 8948
PFOA 0.005 92+ 15 10 99+ 11 100 101 £ 12 0.0025 97 £ 12 10 93+ 10 100 9347
i,p-PFNA 0.01 93+ 11 10 90 + 10 100 95+ 10 0.005 99 + 10 10 100+ 7 100 100 + 9
PFNA 0.01 92+10 10 9% +9 100 97+ 9 0.005 100 + 9 10 102 £ 10 100 9246
PFOS 0.003 101+£8 10 9448 100 100+ 10 0.0015 102 £ 10 10 99+ 9 100 9948
PFDA 0.05 101+£9 10 102 +9 100 93+9 0.025 101+£9 10 95 +7 100 95+ 6
PFDS 0.05 101+7 10 96 + 8 100 97+ 9 0.025 99+9 10 102+8 100 102 +5

4 Concentration corresponding to the LOQ.

199



3. PFASs in food

7200 M. Liorca et al. / J. Chromatogr. A 1216 (2009) 7195-7204

XIC of-MRM (24 pairs); 413,0/369.0 amu from Sample1 (5) ofS. wiff{Turbo Spray)

=
EPS+ i pPFNA

PFNA

Max. 1.5e5 cps.

22ed
2.0e4
1.8e4
1664
1.4e4
1.2e4
1.0e4
8000.0
6000.0
4000.0
2000.0
00"

Intensity cps
PFOA+MPFPOA
PFDA+MPFDA

PFPA+PFBS
PFDS

o>

Max. 2.0ed cps

1400 PFPA

Intensity cps
N
8

300 35
260 Max. 333.3 cps.

220 PFBS

Intensity cps

2.20e4 11.08 Max. 3250.0 cps.

PFOA

Intensity cps
@ =
8 2

2000 e ———————

1.10e4 nal e Max. 43333 cps.

2000 i,p-PFNA

7000 PFNA
5000
3000
1000,

Intensity cps

1.10e4 e Max. 300.0 cps.
9000
7000
5000
3000
1000 - B — -

PFOS

Intensity cps

2200 Max. 108.3 cps.
2800 12585

2400
2000 PFDA
1600

1200

800

400
3358 Max.g3358.3 cps.
3000 1356
2600
2200 PFDS
1800
1400
1000

Intensity cps

Intensity cps

200

8.0 85 8.0 95 100 105 11.0 15 120 125 130 135 14.0 145

Time. min

Fig. 1. Extracted ion chromatograms showing the monitored SRM transitions for the studied PFCs in a spiked anchovy sample at 0.05 pgkg™'. The most intense is the one
used for quantification, the other for confirmation of the compound.
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ples, one of young hake and other of anchovy showed that no peaks
were detected at the retention time of none of the 8 PFCs.

The calibration lines showed good linearity over the concen-
tration range selected for the majority of the compounds (Table 2).
Quantification was performed on standard in solvent, since matrix-
matched standards are not very viable due to the considerable
number of different fishes analyzed that have a great different
fat content (3-33%). The differences in samples composition can
raise recovery problems. For example, the extraction recoveries
were >82% for fish muscle but they dropped to approximately 75%
for liver samples. The use of isotopically labelled ISs normalized
the recovery to an acceptable level, i.e. >85% in liver samples (see
Table 3) achieving an improvement in recovery when it was below
an acceptable level.

Even through matrix-matched standards were not used, matrix
effects on LC-MS/MS were estimated comparing the analytical
response given by a neat standard at 10 wgkg™! and the same
solution added to a fish extract. These effects did not contribute
seriously to dismiss the process efficiency values because they were
comprised between 80% and 96% with repeatability RSD < 15%. The
use of 1Ss compensated for the matrix effects totally, in the case of
PFOA, i,p-PFNA, PENA, PFOS, PFDA and PFDS, and partially for PFPA
and PFBS.

The LOQs obtained in muscle and liver (Table 3) were far below
the concentrations of PFCs reported in fish. For PFOA, i,p-PENA,
PENA and PFOS, the LOQ was lower than 0.01 wg kg1 for both mus-
cle and liver samples. Markedly higher LOQs were obtained for
PFPA, PFBS, PFDA and PFDS(0.05 pg kg~1). Nevertheless, these LOQs
were below the reported concentrations in fish [17,19,34] and were
thereby low enough to allow use of this method in routine screen-
ing and quantitation of PFCs in marketed samples. Comparison of
this method to earlier LC-MS{MS methods revealed that the LOQs
obtained here for most of the compounds were essentially better
[6,7,20,21]. This improvement is mainly because of the application
of LC-QgLIT-MS instrument, which allows an increase in sensitivity
of more than 100 times over those using conventional QqQ instru-
ments. However, the PLE procedure has also a minor influence in the
better sensitivity because it provides high concentration factor and
appropriate recoveries. Fig. 1 displays typical extracted ion chro-
matogram of the PFCs from an extract of spiked anchovy muscle at
0.05 g kg1 of each compound.

Precision and accuracy are summarized in Table 3. The RSD
in liver and fish was lower than 15% for PCFs in fish and
lower than (17%) in liver. In fish, the recovery was for the
majority of the compounds higher than 88%. In liver sam-
ples, recovery was usually higher than 85%. It becomes clear
that with the ISs acceptable relative PFCs recoveries (>85-89%)
were obtained even in situations when the differences in
sample matrix provided lower absolute PFCs recoveries. Pre-
cision and recovery were essentially at the equal level as

Table 4
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Fig. 2. Histogram of the absolute recoveries (calculated by the external standard
method) and RSDs obtained from young hake spiked at 1p.gkg™.

in other PFCs LC-MS/MS methods, which also employs ISs
[19-21].

3.4. Comparison to other methods

Results obtained by the present method were compared to those
obtained by the commonly used ion-pair and alkaline hydrolysis
methods described in Sections 2.3.2 and 2.3.3. The summarized
results are presented in Table 4, in which the average percentage
of recovery at the LOQ level is shown. No systematic difference
existed between the results, except for the LOQs that are higher
using the alkaline digestion than the ion-pair and those are higher
than those obtained by the proposed PLE procedure. The accurate
determination of PFCs was achieved by employing commercial iso-
topically labelled ISs, which compensated for target analyte losses
and enhanced or suppression matrix effects.

Then, external standard calibration (the analyte response was
not related to the IS) was evaluated. The rationale for evaluating
external calibration is that neither recovery nor matrix effects, e.g.
ion suppression, was accounted for quantitation. Therecoveries and
the RSDs of the method showed that PLE provides better recoveries
and lower RSDs (Fig. 2). Furthermore, the PLE method is much more
rapid than the alkaline digestion and provides cleaned extracts than
that based on ion pairing. PLE allows to process up to 24 samples
and extract them automatically, which saves time and personnel.

3.5. Application to fish samples taken from the market

The applicability of the method was assessed through the anal-
ysis of the selected PFCs in several fish samples. Table 5 shows the
mean values of PFCs for each type of sample. The highest PFCs con-

Recovery and RSD obtained using ion-pair and alkaline hydrolysis in samples of anchovy liver and fish spiked at the LOQ.

Compound Alkaline hydrolysis lon-pairing

Liver Muscle Liver Muscle

Conc. *pgkg! Rec., % (x+RSD)  Conc *pgkg™ Rec, % (x+RSD)  Conc. *pgkgt Rec,%(x+RSD)  Conc. *pgkg! Rec, % (x £ RSD)
PFPA 0.15 80+ 17 0.15 85 £ 17 0.07 79+ 19 0.05 75+ 18
PFBS 0.15 85+ 12 0.15 87 £ 12 0.08 75 £ 17 0.05 824+ 17
PFOA 0.015 92+ 15 0.015 92+ 15 0.001 95+ 14 0.005 96 + 15
i,p-PFNA 0.03 90 + 11 0.03 93+ 11 0.02 92+ 16 0.015 95 + 14
PFNA 0.03 95 £+ 10 0.03 92 £ 10 0.02 97+ 15 0.015 9+ 16
PFOS 0.01 101+£8 0.01 93 +8 0.004 102+ 13 0.005 93+ 12
PFDA 0.15 101+ 9 0.15 100+9 0.06 93+ 15 0.05 102 + 10
PFD3 015 9+7 0.15 99 +7 0.06 92+ 17 0.05 94+ 9

4 Concentration corresponding to the LOQ.
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Fig. 3. Extracted ion chromatograms corresponding to the PLE extraction and LC-QqLIT-MS analysis of one hake roe sample. Concentrations calculated were: PFPA,
46.82 pgkg~'; PFBS, 12.82 pgke—'; PFOA, 1.75 pgkg~'; i,p-PFNA, 0.41 pgkg='; PFNA, 0.63 pgkg!; PFOS, 2435 pg kg1,
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Table 5
Mean PFCs concentrations (p.g kg=! ) detected in the fish samples analyzed.
Compound Hake Roe Swordfish Stripped Mullet Young Hake Anchovy
Muscle Liver Muscle Liver Muscle Liver
PFPA 5000 12.84 42.03 12.32 0.52 0.71 0.09 0.12
PFBS 10.00 13.45 <L0Q 2.04 <L0Q 124 083 2.23
PFOA 250 1.25 2.43 2.83 3.25 521 021 103
i,p-PENA 0.44 3.24 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
PFNA 0.58 1.02 <L0Q <LOQ <L0Q <LOQ <LOQ <L0Q
PFOS 23.04 8.24 <L0Q <LOQ 125 354 023 0.94
PFDA <LOQ 0.24 <LOQ <LOQ. <LOQ <LOQ <LOQ <LOQ
PFDS <L0Q 1.02 <L0Q <L0Q <L0Q <L0Q <LOQ <10Q
LLN m— of high value to industry and research laboratories interested in
14 +— quantitation of PFCs in aquatic organisms.
124 - The high sensitivity of the method provided by the use of
M QgLIT and the optimized fragmentation conditions, attained reli-
10 able quantification at trace level in muscle and liver samples.
o 8 — Separation of i,p-PFNA and PFNA was possible with the LC gradient
=t . ] that combined properresolution and not too long chromatographic
= M run. The method has shown its feasibility in a study of several edi-
4 ble fish samples from the market. Since the method was developed
2 [T and validated, it has been routinely used in both laboratories for the
" ul= | ‘ — |_| screening, qulantiﬁcation and confirmation of PFCs in food as part
PFPA  PFBS PFOA ipPFNA PFNA PFOS PFDA LPFDS of a monitoring program.

O PLE O Alkaline hydrolysisC lon-pair

Fig. 4. Histogram of PFCs average concentrations in swordfish muscle by the three
extraction methods.

centrations were those corresponding to hake roe. Fig. 3 shows the
chromatograms corresponding to one of the three replicates of the
hake roe sample, in which PFPA, PFBS, PFOA, PFNA and PFOS were
detected. It should be noted that the transition for quantification
corresponding to PFOA (413 — 219) shows two additional peaks
that cannot be fully confirmed by the second and third confirma-
tory transitions. These peaks are probably caused by the presence
of branched isomers in natural contaminated samples.

The sample of swordfish, which contains all the studied PFCs,
was analyzed by the three extraction methods, the results are
summarized in Fig. 4. According to Taniyasu et al. [27], the alka-
line digestion provided three-to-five higher concentration levels of
several PFCs in liver samples than the ion pairing. These authors
attributed the greater concentrations of PFCs obtained by the alka-
line digestion method to the effective digestion of the matrix and
the release of these compounds from the sample. In our study,
slightly higher levels in the sample obtained by alkaline digestion
were also observed but not so markedly higher as those reported
by Taniyasu et al. [27]. Statistical comparison by one-way analysis
of variance showed that the differences were not significative, and
cannot be considered conclusive.

Analyzing the monitoring results presented in this study, a gen-
eral conclusion is that PFOA and PFOS levels were in the same
range as those found in previous studies carried out in different
geographic areas [19-22].

4. Conclusions

The present study demonstrates that LC-MS/MS using a QqLIT
mass analyzer was applicable to the simultaneous analysis of 8§ PFCs
in liver, roe and muscle fish. PLE extraction was chosen for the pre-
treatment because it was more suitable than par ionic and alkaline
digestion for liver and fish samples. It was more rapid and automatic
achieving the simultaneous process of up to 24 samples. The pro-
posed method demonstrates to improve LOQs, marginally enhance
method recoveries, and decrease analysis times, which will be likely
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Abstract The analytical suitabilities of three different
liquid chromatography—tandem mass spectrometry (LC-
MS/MS) systems, (1) triple quadrupole (QqQ), (2) conven-
tional 3D ion trap (IT), and (3) quadrupole-linear IT
(QqLIT), to determine trace levels of perfluorinated com-
pounds (PFCs) in fish and shellfish were compared. Sample
preparation was performed using alkaline exfraction and
solid-phase-extraction cleanup. This evaluation was fo-
cused on both quantitative (sensitivity, precision, and
accuracy) and qualitative (identification capabilities)
aspects. In the three instruments, the former facet was
evaluated using selected reaction monitoring (SRM), which
is the standard mode for quantitative LC-MS/MS analysis.
Accuracy was similar in the three systems, with recoveries
always over 70 %. Precision was better for the QqLIT and
QqQ systems (7-15%) than for the IT system (10-17%).
The QqLIT (working in SRM mode) and QqQ systems
offered a linear dynamic range of at least 3 orders of
magnitude, whereas that of the IT system was 2 orders of
magnitade. The QqLIT system achieved at least 20-fold
higher sensitivity than the QqQ system, and this was at
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least tenfold higher sensitivity than for the IT system. In the
IT system, identification was based on sensitive full mass
range acquisition and MS” fragmentation and in the QqLIT
systemn, it was based on the use of an information-
dependent-acquisition scan function, which allows the
combination of an SRM or MS full scan acting as the
survey scan and an enhanced product ion scan followed by
MS? as the dependent scan in the same analysis. Three
instruments were applied to monitor the content in fish and
shellfish (anchovies, swordfish, tuna, mussels, and oysters)
obtained from Valencia and Barcelona markets (Spain). The
eight target PFCs were detected at mean concentrations in
the range from 10 ng kg™ (perfluoro-7-methyloctanoic acid
and perfluoro-1-decanesulfonate) to 4,200 ng kg (per-
fluoropentanoic acid). Furthermore, perfluoroheptanoic and
perfluoroundecanoic acids (not covered as target analytes)
were identified in some samples.

Keywords Perfluorinated acids - Perfluorinated sulfonates -
Liquid chromatography—tandem mass spectrometry -
Triple quadrupole - lon trap - Linear ion trap - Fish

Introduction

In the early 2000s, preliminary research revealed the wide
distribution of perfluorinated sulfonates (PFSAs) and
perfluorinated carboxylic acids (PFCAs) in the environ-
ment, biota, and humans through the world [1-3]. Further
studies evidenced that the main sources of perfluorinated
compounds (PFCs) are releases from manufacturing sites,
leakage of residual PFCs from fluorotelomer polymers, and
breakdown of these precursors themselves [4-6]. Since
then, considerable effort has been made to determine the
levels of PFCs, the importance of perfluorooctanesulfonate
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(PFOS) and other PFCs present in fish and the marine food
web having been established, and bioconcentration factors
of 4,000 or mote have been reported for several PFCs [7—
10]. In animal studies, it has been demonstrated that PFCs
bind blood proteins, accumulate in the liver, and affect
hormone balance, ion channels, and {ransmission of
intercellular signals owing to interaction with lipid cell
membranes, and in case of rats, some cancerogenic effects
were documented [11-13]. Recently, the European Food
Safety Authority established tolerable daily intakes for
PFOS and perfluoroctanoic acid (PFOA) [14]. PFOS has
been included as a persistent organic pollutant under the
Stockholm Convention for global regulation of production
and use [15]. PFCs are also prime candidates for chemicals
that will need authorization within the REACH regulation
[16]. From a human exposure perspective, the analysis of
fish fillets and other edible fish products should present an
accurate assessment of potential human dietary exposure to
PFCs, because these fish products are commonly consumed
by humans [17, 18].

Several reviews published on the analysis [19-22],
potential sources [23], environmental distribution [1, 6,
24], food occurrence, toxicity [11, 25], and risk assessment
[8, 26] remind us of the severity of the analytical challenges
facing chemists related to the combined issues of trace
concentrations demanding analytical detection limits, com-
plex chemical mafrices, unique analytes’ molecular proper-
ties, and a mandatory high confidence in reported values.
These reviews also pointed out that liquid chromatography
(LC)—( elecfrospray ionization)-tandem mass spectrometry
(MS/MS) is the technique of choice for the analysis of
PFCs in food and the environment because it achieves
limits of detection (LODs) in the nanogram per gram to
picogram per gram range. LC-MS/MS performed using a
triple quadrupole (QqQ) mass spectrometer combined with
selected reaction monitoring (SRM) is one of the more
widely applied detection systems, as well as being one of
those befter suited for quantification of PFCs. Nowadays,
the performances of 3D ion trap (IT) [27], quadrupole—
linear IT (QqLIT) [7, 28], and time-of-flight [27] systems
have also been considered for trace quantification of PFCs.
However, only one study, performed by Washington et al.
[29], compared two QqQ instroments, which showed
differences in sensitivity. To our knowledge, thete has been
no study comparing the best conditions for optimal
sensitivity and selectivity of different mass analyzers to
determine PFCs in food or environmental samples, and that
establishes the strong and weak points of each instrument
that can lead to more sensitive and selective determination.
The aim of this study was to compare and evaluate three
different LC-MS/MS platforms to determine eight relevant
PFCs in fish and shellfish: perfluorobutanesulfonate
(PFBS), perfluoropentanoic acid (PFPA), PFOA, PFOS,

@ Springer

petfluoro-7-methyloctanoic acid (1L,p-PFNA), perfluorono-
naoic acid (PFNA), perfluorodecanoic acid (PFDA), and
perfluoro-1-decanesulfonate (L-PFDS). PFCs were
extracted by alkaline digestion, cleaned up by solid-phase
extraction (SPE), and further analyzed using the QqQ, IT,
and QqLIT systems. The aim was to obtain a fairly generic
method that can be extended, in the future, to cope a wide
range of foods. The advantages and drawbacks of the IT
and QqLIT systems for identifying nontarget PFCs were
evaluated using several samples from markets. This
identification was conducted by combining alternative
full-scan MS to generate MS/MS and MS/MSMS (MS®)
dependent scans. The application to monitor the content in
different fish and shellfish species (anchovies, swordfish,
tuna, mussels, and oysters) obtained from the markets is
also reported.

Experimental
Chemicals and standards

LC-grade suprasolv water and methanol were purchased
from Merck (Darmstadt, Germany). Deionized water (less
than 18 M} cm resistivity) was from a Milli-Q SP reagent
water system (Millipore, Bedford, MA, USA). All the
solvents were passed through a 0.45-um cellulose filter
from Scharlau (Barcelona, Spain) before use. Ammonium
acetate [puriss. p.a., for high-performance LC (HPLC),
purity 99% or higher] was from Sigma-Aldrich (Steinheim,
Germany). Ammonium hydroxide (25% in water) and
sodium hydroxide (analytical grade) were from Merck.
Oasis® WAX cartridges of 60 mg (3 cm’), particle size
30 um, and pore size 80A were from Waters (Milford, MA,
USA). Oasis WAX is a polymeric reversed-phase, weak-
anion-exchange mixed-mode sorbent that exhibits retention
for acidic, neutral, and, more importantly, strongly acidic
compounds (as sulfonates) that are itreversibly retained on
strong-anion-exchange resins.

The isotope-labeled internal standards perfluoro-n-
[1,2,3,43C,loctancic acid (MPFOA), perfluoro-1-
[1,2,3,4'%C4loctanesulfonate potassium salt (MPFOS), and
perfluoro-n-[1,21*C, 1decanoic acid (MPFDA), as well as
sodium L-PFDS, PFNA and i,p-PFNA were purchased
from Wellington Laboratories (Guelph, ON, Canada) as
50 g mL ! methanolic solutions (1.2 mL). Tetrabutylam-
monium PFBS (purum, purity 98% or higher), PFOS
sodium salt (98%), PFPA (97%) PFOA (96%), and PFDA
(97%), were purchased from Aldrich (Steinheim, Ger-
many). Separate stock solutions of the analytes were
prepared in methanol at a concentration of 1.0 mg mL !
of free compound or salt. A standard mixture containing the
eight analytes was made from the stock solutions (com-
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mercial or laboratory-made) to provide different concen-
trations of the analytes depending on their expected
concentrations in fish and on the sensitivity of the method.
The concentrations of the analytes in the standard mixture
were calculated as the concentrations of free compounds.
Working mixtures were diluted from the standard mixture
in methanol/water and 20 mM ammonium acetate (10:90,
v/v). Solutions of internal standards were diluted to a
concentration of 2 pg mL ' with methanol/water and
20 mM ammenium acetate (10:90, v/v), and appropriate
volumes of the internal standards were added to fish and
shellfish samples to obtain concentrations of 1.5 ug kg ' in
the sample material.

Sample collection

Anchovies (Engraulis encrasicolus, n=3), swordfish
(Xiphias gladius, n=3), tona (Thunnus thyrnus, n=3),
mussels (Mytilus galloprovincialis, n=3), and oysters
(Crassostrea gigas, n=3) were purchased in refail fish
markets and supermarkets. Each sample of anchovies,
mussels, and oysters weighed around 2 kg and consisted
of approximately 100 specimens for fish and 50 for
shellfish. Samples of tuna and swordfish were taken as
fillets (three fillets per sample). All the samples were sent in
fresh conditions (on ice) to the laboratory. Anchovies were
dissected, and the entire right dorsal lateral fillet with the
skin was taken. The mussels and oysters were washed and
scrubbed thoroughly in running water and opened. Whole
mussel and oyster soft tissues were removed from a large
number of animals and pooled. The right dorsal lateral
fillets and swordfish and tuna fillets were cut into small
pieces. Subsamples of 200 g were homogenized using a
Bapitaurus food chopper (Taurus, Berlin, Germany), placed
into polyethylene bags, and stored at —80 °C prior to
analysis.

Sample preparation

After the samples were thawed at room temperature,
extraction and analysis of PFCs were cartied out according
fo a protocol described elsewhere [5, 30] with some
modifications. About 2 g of fish muscle, exactly weighed
(fresh weight), was placed in a 15-mL polypropylene tube,
homogenized for 2 min with 5 mL of water at 9,700/
9,800 rpm using an Ultraturrax T-25 digital homogenizer
(Stauffen, Germany), spiked with 1.5 uL of the internal
standards, and added to 8 mL of 10 mM sodium hydroxide
in methanol. Each sample was digested by shaking it on an
orbital shaker table at room temperature for 16 h. After
digestion, samples were centrifuged at 2,000g for 5 min,
and 3 mL of the supernatant was diluted with 27 ml of
deionized water prior to SPE cleanup.

These extracts were cleaned up using an Oasis WAX
cartridge. The cartridge was first preconditioned by
passing 4 mL of 0.1% (v/v) ammonium hydroxide in
methanol, 4 mL of methanol, and 4 mL of deionized
water at a rate of 2 mL min" through it. Then, the
sample (30 ml) was passed through the preconditioned
cartridge at a rate of 2 mL min™', taking the precaution of
not letting the cartridge dry out at any time during the
sample loading. The cartridge was then washed with 4 mL
of 25 mM acetate buffer (pH 4) followed by 4 mL of
methanol and dried completely under a vacuum. The PFCs
were eluted with 4 mL of 0.1% ammonium hydroxide in
methanol. SPE extracts were evaporated to dryness under
nittogen (60 °C) using a Zymark (Hopkinton, MA, USA)
TurboVap LV II becanse ammonium hydroxide is volatile.
Then, 0.5 ml of methanol/water and 20 mM ammonium
acetate (10:90, v/v) was used to dissolve the analytes
before analysis.

Liquid chromatography—mass spectrometry
Ligquid chromatography

Separation was always accomplished on a LiChroCART-
LiChrospher 100 RP-18 analytical column of 250 mmx
4 mm and 5-um particle diameter from Merck at room
temperature. The mobile phase consisted of 20 mM
ammonium acetate in water (solvent A) and 20 mM
ammonium acetate in methanol (solvent B) and was
delivered at a flow rate of 0.5 mL min '. The linear
gradient elution program was as follows: 10-80% solvent B
over 5 min, then 80-90% solvent B over other 5 min,
followed by an isocratic hold at 90% solvent B for & min.
At 18 min, solvent B was refurned to 10% in 2 min. The
total run time for each injection was 20 min and the
injection volume was 20 ul.

Triple quadrupole tandem mass spectrometry

A Quattro LC QqQQ mass spectrometer from Micromass
(Manchester, UK), equipped with an LC Alliance 2690
system (Waters) consisting of an autosampler and a quaterna-
ry pump, a pneumatically assisted electrospray probe, a Z-
spray interface, and Mass Lynx NT version 4.1 were used.
Analysis was performed in negative ion mode. The electro-
spray ionization source values were as follows: capillary
voltage, 3.00 kV; extractor voltage, 1 V; RF lens voltage,
0.5 V; source temperature, 120 °C; desolvation temperature,
350 °C; and desolvation and cone gas (nitrogen 99.99%
purity) flows, 600 and 60 T h'', respectively. The analyzer
settings were as follows: resolution, 12.0 (unit resolution) for
the first and third quadrupoles; ion energy, 0.5; entrance and
exit energies, -1 and 1; multiplier, 650; collision gas (argon,
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99.995 %) pressure 2.79% 107 mbar; interchannel delay,
0.02 s; and total scan time, 1.0 s. The mass spectrometer was
operated in scan and product ion scan modes to optimize the
conditions and select the transitions, and in SRM mode to
confirm and quantify the analytes in the samples.

Ion trap tandem mass spectrometry

The LC-IT/MS system consisted of an Esquire 3000 IT
LC/MS” system (Bruker Daltonik, Germany), an Agilent
HP1100 LC system (Agilent, Torrance, CA, USA), a
computer, and a Daltonic Esquire data acquisition/pro-
cessing system. The conditions for the source were as
follows: temperature, 300 °C; capillary voltage, 4,000 V;
end plate offset fixed at —500 V, nebulizer pressure,
10 psi; and drying gas flow 7.00 L. min ! at 300 °C. The
Esquire 3000 was tuned for each compound, optimizing
the voltages on the lenses in the ExpertTune mode of the
Daltonic Esquire confrol software while infusing a
standard solution (10 wg mL ') by a syringe pump at a
flow rate of 0.004 mL min ', which was mixed with the
mobile phase at 0.2 mL min ' by means of a T piece. The
optimized tuning parameters were set for each compound
via time-segment definition.

The mass spectrometer was operated in full scan and
multiple reaction monitoring modes. The trap parameters
were optimized in ion charge control mode using rolling
averaging set at 2. Full scan mode was performed with a
target of 50,000 and a maximum accumulation time of
50 ms in an m/z range from 50 to 650 u. Multiple reaction
monitoring was carried out by setting the target at 200,000
and the maximum accumulation time at 200 ms for both
MS and MS” experiments. Negative ions were detected at
unit resolution (scan speed 10,300 u s ). Four scans were
summarized for each spectrum, resulting in a spectral rate
of 0.4 Hz. Collision-induced dissociation was performed on
the ion of interest by collisions with the helium background
gas present in the trap for 40 ms. In these experiments, the
deprotonated PFC was subjected to collision-induced
digsociation to produce a first set of fragment ions, MS/
MS. Subsequently, one of the fragment ions from [M - H]
was isolated and fragmented to give the next set of
fragment ions, MS®. The fragmentation steps for each
compound were optimized by visualizing the changes in the
intensities of the fragments ions, whereas the fragmentation
cut-off and the fragmentation amplitude were varied
manually.

Quadrupole-linear ion trap mass spectrometry
PFCs were analyzed using a 4000 Q TRAP™ MS/MS

system from Applied Biosystems/MDS Sciex (Concord,
ON, Canada) coupled to a Symbiosis™ Pico system (Spark
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Holland, Emmen, The Netherlands). The latter integrated
an HPLC and online SPE system but only the HPLC
systemn was used, and basically consisted of an Alias™
autosampler and two high-pressure-gradient LC pumps
with a four-charmel solvent selector for each pump. The
mass spectrometer was operated in SRM mode with the
resolution set to low (resolution offset drop of 0.1 that
provides a mass window 14 amu wide) and unit (mass
window 1 amu wide) for the first and third quadrupoles,
respectively. The other ionization parameters were as
follows: curtain gas, 30 (atbitrary units); ion source gas 1,
25 (arbitrary units); ion source gas 2, 25 (arbitrary units);
source temperature, 350 °C; ion spray, —4,500 V; entrance
potential, —10 V, collision cell exit potential, —10 V;
declustering potential —25 V; and dwell time (time used
for monitoring each ion transition) 100 ms.

An information-dependent acquisition (IDA) method
was programmed combining SRM or enhanced MS as the
survey scan and an enhanced product ion (EPI) scan
followed by MS® as the dependent scan, in the same
injection. The SRM parameters used in the survey scan
were those previously optimized. The DA parameters
included the acquisition of two ions whose peak height
exceeded 500 counts per second and exclusion for 3 s after
the acquisition of the same ion. The EPI scan was
performed with the first quadrupole set at low resolution
and the linear IT scanning from 80 to 362 amu at a rate of
4,000 amu s The dynamic fill-time option was selected
on the IT, with a step size of 0.12 amu. Two EPI scans at
two different collision energies (—10 and —40 eV) were
monitored in each SRM-IDA-EPI cycle. Other operating
conditions were as follows: declustering potential, —30 V;
collision energy spread, 10 arbitrary units. The complete
SRM-IDA-EPI cycle time was 0.97 s.

Method validation

Validation studies were performed using anchovy-spiked
muscle. Anchovy blanks were from a sample previously
analyzed in the laboratory, in which PFCs were not detected
above their LODs. According to several studies [9, 31], in
environmental samples, low PFC concentrations [many
times at levels below their limits of quantification (LOQs)
and/or LODs] were frequently found. This non-detected-
PFC sample was used to evaluate the matrix effect,
recovery, LOQs, and LODs. Portions of chopped fish
(2 g) were placed in the appropriate container and spiked
with the PFC standard solution, care was taken to uniformly
spread them on the sample. The spiked sample was left for
10 min at room temperature to ensure the appropriate
distribution in the matrix. Then, the sample was processed.
Five replicates of sample preparation and analysis were
performed at each level. The analyte tesponse was always
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Table 1 Comparison of the precursor ion to product ion transitions obtained by liquid chromatography (LC)triple quadrupole (OgQ)-tandem
mass specttometry (MS) and LC—quadrupole-linear ion trap (QgLIT)-MS/MS working in selected reaction monitoring (SRM) mode

SRM1* Product ion CE SRM2® Product ion CE (V) Additional SRM2/SRM1
identification V) identification SRM (% RSD, n=21)°
LC-QqQ-MS/MS

PFPA 263219 [M-H-CO,] -10 - - - - -

PFBS 29980 [SO.] -30 29999 [FSOs] 25 - 0.40 (8)
FFOA 413 —16% [C5FT -15 413 —369 [M-H-CO,] - 10 - 0.30 (10)
MPFOA 417—172 [CsF,T -15 417—372 [M-H-CO,] -10 - 0.30 (12)
PFOS 499 —80 [SOs] -45 499 —98.5 [FSOsT 45 - 0.60 (16)
MPFOS 503 —80 [SO5] -45 503 =985 [FSO;T 45 - 0.65 (14)
PFNA 463 —419 [M-H-CO,] -10 463 —219 [CaFo] -15 - 0.50 (13)
L,p-PFNA 463 —419 [M-H-CO,] -10 463 —219 [C4Fs] -10 - 0.42 (17)
PFDA 513 —469 [M-H-CO,] -10 513 —16% [C3F] -10 - 0.30 (15)
MPFDA 515—471 M-H-CO,] -15 515—171 [FSO,T -10 - 0.30 (15)
L-PFDS 599 —80 [SO5] -45 463 —219 [C4Fs] 45 - 0.25 (10)

LC-QqLIT-MS/MS

PFPA 263219 [M-H-CO,] -15 - - - - -

PFBS 29980 [SOs] -80 299—99 [FSO;T -80 - 0.11 (8)
PFOA 413169 [C5FT -25 413 —369 [M-H-CO,] 25 413216 0.43 (11}
MPFOA 417—172 [C5FT -25 417—372 [M-H-CO,] 25 - 0.45 (9)
PFOS 499 —R0 [SOs] -100 499 —99 [FSOs] -100 - 0.20 (18)
MPFOS 503 —80 [SO5] -100 503 —99 [FSOsT -100 - 0.25 (16)
PFNA 463 —169 [CsFT -20 463 —219 [CaFo] =20 469—419 0.80 (10)
Lp-PFNA 463 —-219 [C4Fs] -20 463 —169 [CsF] =20 469—419 0.90 (15)
PFDA 513—119 [CoFsT -35 513 —46% [M-H-CO,] 35 513269 0.40 (17)
MPFDA 515—119 [CFsT -35 S15—471 [M-H-CO,] -10 515271 0.42 (14)
L-PFDS 599—80 [SO5] -100 599 —469 [FSOsT -100 - 0.20 (13)

CE collision energy, RSD relative standard deviation, PFP4 perfluoropentanoic acid, PFBS perflucrobutanesulfonate, PF(O4 perfluoroctanoic
acid, MPFOA ]:)erﬂuom-n-[1,2,3,413 C4]octanoic acid, PFOS perfluorooctanesulfonate, MPFOS perfluoro-1-[1,2,3,4'* C4Joctanesulfonate potassium salt,
PFNA perfluorononaoic acid, £,p-FFNA perfluoro-7-methyloctanoic acid, PFI4 perfluorodecanoic acid, MPFDA perfluoro-»-[1,2'* C;]decanoic acid, I-

PFDS perfluoro-1-decanesulfonate
* Quantifier precursor ion to product ion transition

b Qualifier precursor ion to product ion transition

“RSDs were calculated from mean values obtained from the matrix-matched calibration curves, so as to consider how they vatied depending on
concentration (seven different concentrations from the limit of quantification (LOQ) of each compound to 3 orders of magnitude higher injected n

triplicate).

related to the internal standard response (1.5 pgkg ' of
each of MPFOA, MPFOS, and MPFDA) to compensate for
undesirable mafrix effects and losses during the extraction
procedure. The internal standards were selected because,
at the beginning of this study, they were the only ones
available.

According to Commission Decision 2002/657/EC
[32], the ecriteria for PFC identity confirmation are as
follows: (1) the retention time (the relative retention time
of the PFC shall correspond to that of the calibration
solution at a tolerance of +£2.5%), (2) the presence of MS
ions (when mass-spectrometric determination is per-
formed by the recording of full scan spectra, the presence
of all measured diagnostic ions with a relative intensity

of more than 10% and when SRM is used, the presence
of two precursor ion to product ion transitions for each
PFC); and (3) the relative intensities of the detected ions
(percentage of the intensity of the most intense ion or
transition) shall correspond to those of the calibration
standard at comparable concentrations within tolerances
ranging from 20 to 50% depending on the relative
intensity of the base peak.

The major obstacle to an accurate and reliable analysis of
PFCs was the problems of procedural blanks because of
their presence in various items of equipment, sample
containers, polypropylene material, or SPE cartridges.
Blank tests were performed with all these items and the
corresponding modifications to eliminate PFC contamina-
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Table 2 Relative abundances of the MS” ions by LCion trap (JT)-MS” and LC-QqLIT-MS® obtained in spiked anchovy extracts at a
concentration of 50 pg kg

PFCs LC-IT-MS™ LC-QqLIT-MS™®
MS MS/MS MS? Precursor ion EPI MS?*
PFPA 263 (100) 219 (100) - 263 (100) 219 (100) -
PFBS 299 (100) - - 299 (100) 99 (50) -
80 (100)
PFOA 413 (100) 369 (100) 319 (15), 269 (100), 413 (100) 369 (100) 219 (100)
219 (503, 169 (15) 219 (40) 169 (20)
169 (20)
MPFOA 417 (100) 372 (100) 322 (15), 272 (160), 417 (100) 372 (100) 222 (100)
222 (50), 172 (15) 222 (45) 172 (25)
172 (20)
PFOS 499 (100) - - 499 (100} 99 (40} -
80 (100) -
MPFOS 503 (100) - - 503 (100) 99 (30) -
80 (100) -
PFNA 463 (100) 419 (100) 319 (22), 269 (160), 463 (100) 419 (100) 219 (100)
219 (40), 169 (15) 219 (30) 169 (15)
169 (30)
i,p-PFNA 463 (100) 419 (100) 319 (20), 269 (160), 463 (100) 419 (100) 219 (100)
219 (20), 169 (15) 219 (50) 169 (25)
169 (60)
PFDA 513 (100) 513 (20), 319 (20), 269 (100), 513 (100) 469 (100) 219 (100)
469 (100) 219 (40) 219 (40) 169 (25)
169 (50)
MPFDA 515 (100) 515 (20), 471 (20, 271 (100), 515 (100) 471 (100) 221 (100)
471 (100) 221 30) 271 (10) 171 (45)
119 (5)
L-PFDS 599 (100) - - 599 (100) 99 (40) -
80 (100) -

The ion selected in the enhanced product ion (EP) mode as a precursor ion for MS? s given in irafics.

“MS/MS and MS® were carried out by isolating the most abundant precursar ion with a width of 4.0z, a cutoff of 200 for L-PFDS, MPFDA, and PEDA
and a cuttoff of 150 for the other perfluorinated compounds (PFCs), and collisions with the helium background gas present in the trap for 40 ms at an

amplitude ranging from 1.0 to 2.0 V.

® EPI data were obtained at a CE of 40 V for PFSAs and of -10 V for PFCAs. MS® data were obtained at excitation energies of 50 V and CFs of -40 V.

tion, if present, were made. The QqQ, the IT, the sample
containers, or the polypropylene material used did not show
background signals of the PFCs. However, background
signals for PFOA and PFOS were always observed at
concentrations near their LOQs in the QqLIT and in the
SPE cartridge, after preconditioning with water/methanol
and elution with 0.1 % ammonium hydroxide in methanol.
After all the accessible polytetrafluorethylene materials in
the LC-QqLIT system were replaced, the background signal
disappeared. In the case of SPE cartridges, the background
signal disappeared after a conditioning step consisting of
passing 5 mL of the elution solution prior to water/
methanol conditioning. Different controversial studies
support the cross-contamination of samples during analysis
of PFCs. Yamashita et al. [33] examined the contamination
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in Oasis HLB and Sep-Pak (C,g) SPE carfridges. Both SPE
carfridges were a cause of PFC contamination by PFOS and
PFOA. On the other hand, Taniyasu et al. [5] evaluated
Oasis HLB and Oasis WAX columns and detected a few
target PFCs at a few picograms per liter, including PFOA,
PFDA, and perfluoroundecanoic acid (PFUnDA). Taking
all the reported precautions, the procedural blanks did not
show contamination by PFCs for the entire method. Recent
studies have also reported the absence of PFC contamina-
tion in procedural blanks [31].

The LOD was defined as the lowest concentration for
which the peak area was at least 3 times larger than the
background noise. The criteria for the LOQ were estab-
lished as the lowest concentration fulfilling all of the
following criteria: (1) bias from the calibration curve less
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Table 3 Limit of detection (LOD) and limit of quantification (LOQ), both in micrograms per kilogram, obtained with the different mass analyzers

tested

QqQ in SRM QqLIT in SRM QqLIT {EPI) IT-MS IT-MS/MS IT-MS?
PFCs LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ
PFPA 03 1 0.01 0.05 0.05 025 03 1 5 15 5 15
PFBS 03 1 0.01 0.05 0.10 0.50 5 15 5 15 5 15
PFOA 0.1 0.5 0.001 0.005 0.005 0.025 0.06 0.2 2 15 8 24
MPFOA 0.1 0.5 0.001 0.005 0.005 0.025 0.06 0.2 2 6 8 24
PFOS 03 1 0.0005 0.003 0.0025 0.010 1 3 3 10 3 10
MPFOS 03 1 0.0005 0.003 0.0050 0.030 1 3 3 10 3 10
PFNA 0.1 0.5 0.003 0.01 0.020 0.060 02 0.7 2 6 2 6
i,p-PFNA 0.1 0.5 0.003 0.01 0.020 0.060 02 0.7 2 6 3 10
PFDA 0.1 0.5 0.01 0.05 0.05 025 0.1 0.3 3 10 6 18
MPDA 0.1 0.5 0.01 0.05 0.05 025 0.1 0.3 3 10 6 18
PFDS 0.1 0.5 0.01 0.05 0.10 0.50 3 10 3 10 3 10

than 25%; (2) relative standard deviation (RSD) of four
replicates below 19%; (3) peak shapes acceptable; and (4)
signal-to-noise ratio at least 10. The LOQs obtained served
as the lower limits of the linear range.

The linear range was defined by plotting the peak area ratio
of the PFC to the internal standard versus PFC concentration.
The following criteria for the linear range were applied: linear
regression through zero with a cotrelation coefficient better
than 0.990; bias from the calibration line less than 25% for all
individual calibration points; and RSD of four replicates less
than 19%. The lower limit of the linear range was at the LOQ.

The matrix effects were assessed by comparing the
response of the analytes at 10 ug kg ' concentration in
20 mM ammonium acetate and methanol/water (10:90, v/v)
solution to the response of the analytes spiked at the same
concentration into an extract of a blank matrix sample
extract (young hake or anchovy) obtained through the
sample preparation process.

As no certified reference materials were available for the
analytes and matrices of interest, the recovery from fortified
negative samples was measured as an alternative to
trueness. Briefly, five negative samples of tissue of anchovy
were independently spiked as previously described with the
eight PFCs at the LOQ of the instrument and analyzed.
The precision, determined as the RSD, was obtained
from the spiked samples (replicate extraction and
analysis) on the same day (intraday precision, #=35) and
on different days (interday precision, n=5).

Finally, to comply with internal quality control procedures,
two control samples (spiked materials), two solvent irjections,
and two procedural blanks were inserted into each analytical
batch made up of six samples. The individual values obtained
for control samples were plotted on a process-behavior chart
during the entire duration of the study to establish if the
analysis was in a state of statistical control or not.

Results and discussion
Comparison of the three instruments

The three instruments checked have different abilities to
determine PFCs. The QqLIT and QqQ systems are
quadrupole-based instruments and both show appropriate
sensitivity for monitoring specific precursor ion to product
ion transitions. Besides, working as a QqQ, the QqLIT
provides access to sensitive IT scans. This allows very
powerful scan combinations when performing IDA, EPL, or
MS? experiments obtaining concomitantly both quantitative
and qualitative information. The 3D IT is also capable of
performing full mass range acquisitions with high sensitiv-
ity allowing nontarget screening.

Although very specific LC-MS systems are used, an
appropriate separation is still required, In this case, the two
stereoisomers PFNA and i,p-PFNA are not separable by
precursor or product ions [7]. In addition to the LiChros-
pher 100 RP-18 column, three other C,g reversed-phase
columns were tested: a XTerra MS Cqg column (100 mmx
2.1-mm inner diameter, 3.5-um particle size) (Waters), a
Luna C'* column (150 mm=4.6-mm inner diameter, 3-uun
patticle size) (Phenomenex, Paris, France), and a Luna C,g
column (250 mm * 4.6-mm inner diameter, 5-pum particle
size). The LiChrospher column gave the best resolution,
especially between the PFNA and its branched isomer, i,p-
PFNA, in a similar time of analysis (chromatographic run
of less than 20 min).

First, LC-QqQ-MS/MS and LC-QqLIT-MS/MS were
compared in SRM mode. When operating in SRM mode,
the Q TRAP instrument works like a QqQ instrument; thus,
different performances with respect to other QqQ instru-
ments may be related to the source and ion transpott
efficiency or the collision cell efficiency and setting. This is
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PFOS and L-PFDS to *C*-MPFOS, PFPA, PFOA, PFNA, and i,p-PFNA to *C4-MPFOA, and PFDA to *C,-PFDA, to compensate for undesitable matrix effects and losses during the extraction

Table 4 Analytical performance of the proposed LC-QqQ-MS/MS, IT-MS/MS, and LC-QqLIT-MS/MS methods (the analyte response was always related to the internal standard response, PFBS,
procedure)

@ Springer

LC-QqLIT-MS/MS

IT-MS/MS

LC-QqQ-MS/MS

PFCs

Recovery

(n=5y

Precigion (% RSD)

Linearity ()*

Recovery

#n=5)

Precision (% RSD)

(n=5)"
Intraday
14
15
14
12
13
10
11

Lincarity ()

Recovery

(n=5)

Precision (% RSD)

=5y
Intraday

Linearity ()

(n=5)°

Intraday

Interday

12
14
13
15
12
10

Interday

Interday
12
16
10
11

78

0.993

17
17
16
16
15
14
15
17

0.981

75

0.991

PFPA
PFBS
PFOA
PFOS
PFNA

24
99
95

0.992 12

0.998

82

0.979
0.981

80

13

0.990
0.997
0.999
0.999
0.998

10

0.997
0.998

0.978

80
88

83

0.988

81

13
12
14
15

0.999
0.997
0.996

0.986

i,p-PFNA
PFDA

102
95

100

0.985

01

1

0.999
0.997

11

12

0.986

L-PFDS

*Calculated in pure selvent

b Calculated from spiked anchovy samples at 5 times the LOQ of each instrument

patticularly important for instruments of different gener-
ations, such as those compared in this study. To judge the
sensitivity of both instruments, SRM transitions were
chosen after optimization of the conditions, considering
both sensitivity and selectivity. Two transitions petr com-
pound were selected to comply with EU requirements for
confirmatory analysis [32]. MS/MS parameters were opti-
mized as shown in Table 1. The precursor ion to product
ion transitions were almost the same using LC-QqQ-MS/
MS and LC-QqLIT-MS/MS. For PFCAs, typical frag-
ment ions in the MS/MS spectra corresponded to losses
of 44 amu, assigned to [M-H—-CO;] ions, characteristic
of the presence of carboxylic acid functionalities in the
molecule, as well as to the fragment ions at m/z 169 and
219 corresponding to [CsF,]" and [C4Fs]”. However,
different precursor ion to product ion fransitions for
quantification of the PFCAs were used depending on the
mass analyzers (e.g., product ions m/z 369, 419, and 446
by QqQ-MS/MS and m/z 169, 169, and 119 by QqLIT-
MS/MS for PFOA, PFNA, and PFDA, respectively).
Apparently, the lower-mass fragments are more intense
using the QgLIT than the QqQ, at least in the conditions
chosen. For PFSAg, the distinctive product ions m/z 80
and 99 corresponding to [SOs] and [FSO5]” were obtained
by both mass analyzers.

The ratio between the two optimized SRM transitions
(SRM2/SRM1) was calculated for use as an identification
criterion, in addition to the retention time and the presence
of both transitions. The ratio of the two transitions of all
PFCs studied as a function of concentration remained
relatively constant except at very low concentrations and
never exceeded the tolerable value (20% for PFOS and
MPFOS and 25% for the others by QqgQ and 20% for
PFNA and ip-PFNA, 30% for PFBS and L-PFDS, and
25% for the others by QqLIT). From the values shown in
Table 1, it can be seen that PFPA presents only one useful
transition, which does not allow the appropriate confirma-
tion of the identity of the compound. In the case of PFBS
determined by LC-QqLIT, there was difference in infensity
of up to 8 times between the two transitions. This is a
limitation when identifying this compound in samples at
low concentrations, because the presence of the less intense
transition (SRM?2) should be present with a signal-to-noise
ratio of 3. Although both LC-QqQ-MS/MS and LC-QqLIT-
MS/MS in SRM mode from a quantitative point of view are
the preferred techniques, they do not always achieve the
criteria for the identify confirmation of a compound. The
new mass analyzers with distinct scanner advantages can
help to identify PFCs correctly.

IT and QqgLIT instruments working in full mass range
acquisition modes (M$, MS/MS, or M$®) can improve the
identification and confirmation capabilities. Table 2 shows
the fragmentation obtained for the PFCs. Multiple-stage
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Table 5 Mean concentration and the respective standard deviation obtained for the eight target PFCs and other PFCs identified in fish and

shellfish samples taken from the market

Mean+standard deviation (ug kg'l, n=3)

Sample PFPA FFBA PFOA i,p-PFNA PFNA PFOS PFDA PFDS PFCs identified
Anchovies 1 0.52+£0.06 033003 0.78£0.08 ND 0.052+0.007 1.05+£0.09 095008  0.013=0.001 —
Anchovies 2 1.26+0.11 0.25+£0.02 1.15+0.12 ND 0.12+0.01 0.88+£0.09  023+0.03 ND -
Anchovies 3 0.98+0.07 042+005 254003 ND 0.085+0.009 1.25+0.13  0.083£0.009 ND -
Swordfish 1 42.05+£3.92 1029+0.99 12.18+1.15 0.52+0.05 0.92+0.11 1536147 0.085+0.007 0.062+0.006 PFHpA
Swordfish 2 2.03+0.18 8.75+087 884+0.80 ND 088x0.09  9.72+088 1.26+0.11 012002 -
Sword fish 3 13.05+1.52 4.32+056 7.74£0.73 0.025+£0.003 0.94+£0.08 8.25+£0.74  4.18+037  0.045+0.005 —
Tuna 1 500045 624071 0.59+£0.06 0.33+0.03 025+0.03  0.033£0.004 25.10£2.07 ND PFUnDA
Tuna 2 25.00+£2.73 1052+1.24 R.05+£0.85 0.038+0.005 2524025 12.04+1.11  0.64+0.05  0.022+0.003 —
Tuna 3 125+0.09  3.52+038 1.48+0.12 1.25£009  032+003 225021 029+0.04 ND -
Mussels 1 825+0.74 0.12£001 6.52+0.62 0.017=0.002 0.12=0.01 15.02£135 032+0.03  0.043+0.005 PFHpA
PFUnDA
Mussels 2 ND 0.54+£0.06  2.84+£0.25 0.035+0.004 0.53+0.04 12.82+1.11 125+0.10  0.014+0.002 —
Mussels 3 1025104 029+003 545049 0.012+0002 0.082+£0.009 17.98+1.25 032+0.03 ND -
Oysters 1 12.01+£1.13 048+004 1.08+0.10 ND ND 825075  0.15+0.01 ND -
Opysters 2 ND 036004 234=021 0.014£0002 0.12£002 4.02=033 045£0.03 ND PFUnDA
Opysters 2 9.58+0.89 048+005 5.82+0.54 ND 0.051+0.006 1.25+0.11 025+0.02 ND -

ND none detected, PFHpA perfluoroheptanoic acid

fragmentation using D IT has a limitation because the
isolation and fragmentation steps both occur in the IT (3D
ot linear), only product ions with m/z values higher than
30% of the precursor mass are stable in the IT. That is the
reason why an IT cannot be used for MS/MS analysis of
PFSAs, because of the large mass difference between the
precursor ions (m/z 299, 499, and 599) and the product ions
(m/z 99 and 80). However, IT technology was useful for
monitoring of PFCAs because fragmentation resulted in
decarboxylation as well as characteristic [Cs;F;]” and
[C4Fs]” product ions. Ms? gave, in addition to these
characteristic product ions, [CgF 5] and [CsFyy]"

The IDA software permitted the collection of SRM
transitions for each compound or “enhanced MS,” the
acquisition of the EPT spectrum of each substance found in
the chromatogram fulfilling the selection criteria for the
acquisition of the dependent scan. In the EPI mode, the
precursor ions above a predefined intensity threshold are
instantaneously fransmitted to the collision cell and frag-
mented; the fragments are trapped in the third quadrupole
before filtration. The MS® mode selects EPI fragments of
interest to fragment them again. One advantage is that the
MS/MS spectrum obtained is most similar fo the QqQ
fragmentation using SRM mode (Table 2). The product ions
of PFSAs, the m/z of which are lower than one third of those
of the parent ion, can be propetly confirmed. One drawback
of the IDA procedure might be due to the impossibility of
optimizing the fragmentation parameters for each different

precursor during the product ion scan. The use of a collision
energy common to all compounds might preclude all chances
of achieving a good fragmentation, especially if very different
chemical structures are involved (e.g., PFCAs and PFSAs).

The LODs and LOQs in Table 3 indicate that LC-QqLIT-
MS/MS working in SRM mode can measure low PFCs
concenfrations in the normal ranges for fish (LODs ranged
from 0.001 ug kg™ for PFOS to 0.01 ug kg for L-PFDS).
It achieved at least 20-fold higher sensitivity than LC-QqQ-
MS/MS. LC-QqLIT-MS/MS working in [DA mode is also
more sensitive than LC-QqQ-MS/MS. For example, for
PFOS a LOD of 0.001 ug kg™ was obtained compared with
0.3 ug kg by QqQ-MS/MS or 3 ug kg by IT-MS/MS.
The IT provides the worst LODs and LOQs; these LODs are
only comparable to those obtained by LC-QqQ-MS/MS
when the IT worked in full scan single MS acquisition mode,
but this mode is not selective enough to work with routine
samples. Each MS fragmentation step added to the method
made the sensitivity worse. According to a recent study by
Luque et al. [31], ITs achieved the best sensitivity by full
scan or ion isolation, which indicated that the latter can be
used for sensitive monitoring of PFCs in biological samples.
However, as pointed out in most sfudies [31, 34], the
applicability of the full scan or ion isolation for analyzing
complex matrices remains dubious because of the lower
selectivity, particularly for PFOS analysis, where known
mass interferences from the presence of bile salt in biota
exist.
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Fig. 1 Extracted ion chromatograms (X/C) obtained from swordfish
sample 1 using quadrupele-linear ion trap tandem mass spectrometry
(MS) in selected reaction monitoring (SRM) mode. MRM multiple
reaction monitoring, PFPA perfluoropentancic acid, PFBS perfluor-
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The three instruments can be applied to monitor fish and
shellfish samples. If measurements of lower PFC concen-
trations are required, the final extract volume could be
reduced, the sample volume injected could be increased, or
the mass-spectrometric sensitivity has to be upgraded.

For quantitative purposes, peak area data of the most
abundant transition (SRM1) were considered. The results of
the validation study are shown in Table 4. They demon-
strated better interday and intraday precision for the QqQ
and QqLIT, with RSD<14%, than for the IT, with RSD <
17, and good linear dynamic range, over 3 orders of
magnitude for the QqQ and QqLIT, with »*>0.99 for most
compounds, but not for the IT, with »*<0.98. The linear
dynamic range for the IT was acceptable only for 2 orders
of magnitude, with 7*>0.99. Obviously, the recovery was

5.00 750 10,‘00 1250 ’ 16.00 17‘50 20.00

almost the same with the three systems (between 70 and
100%) because it is a parameter that mainly depends on the
extraction procedure. Evaluation of the ionic suppression or
enhancement due to coeluted compounds of the mafrix was
performed by comparing the regression curves obtained
with standards added to the mafrix extract and those
prepared in pure solvents. Only ion suppression was
observed. This result agrees with those repotted in the
second worldwide interlaboratory study, in which predom-
inantly ion supptession was found [9]. However, in that
interlaboratory study, ion enhancement was also observed
for individual compounds in the same matrix. Perfluori-
nated sulfonamide showed the largest enhancement. This is
a neutral PFC that was not included in our study. In our
study, the use of mass-labeled analogues as internal stand-
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Fig. 4 Example of total ion chromatogram, MS/MS spectra using enhanced product ion (EPI) mode, and MS/MS/MS spectra of PFPA, PFBS and

PFDA obtained for tuna sample 1. CE collision energy

ards corrected for most of the matrix effect, even for those
compounds without mass-labeled analogues available (the
suppression effect was lower than 10 %). Matrix-matched
calibration curves were not used for quantitative determi-
nations because the suppression effect is low and the
differences in the composition of the different types of
samples are also important.

Application to the analysis of fish and shellfish
from the market

The three instruments in their different working modes
were also applied to the analysis of fish and shellfish
samples taken randomly from markets in Valencia and
Barcelona to evaluate the presence of the PFCs and
compare the efficiency and confirmation capability of the

three instruments. The samples were analyzed in triplicate
to establish the accuracy of the measurements. Table 5
shows the results (mean value plus standard deviation)
obtained for quantification with LC-QqLIT-MS/MS work-
ing in the SRM mode. As compared with the second
worldwide interlaboratory study on PFCs [9], the RSDs in
this study are 7-17%, whereas those of the interlaboratory
study were 22-47%. The data in this study are in good
agreement and even better than the between-laboratory
variances reported and within the interday precision
obtained using QqLIT-MS/MS. The underlying reasons
for this could be the use of mass-labeled standards. All the
compounds included in the study were present in fish and
shellfish at concentrations ranging from 10 ng kg™ (ip-
PENA and L-PFDS) to 4,200 ng kg’ (PFPA). The high
sensitivity of LC-QqLIT-MS/MS is experimentally con-
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firmed in Figs. 1 and 2, which show the chromatograms of
swordfish extract 1 defermined in SRM mode by LC-
QqgLIT-MS/MS and LC-QqQ-MS/MS, respectively. PFDA
and L-PFDS were not identified using LC-QqQ-MS/MS .
Figure 3 illustrates the MS/MS and MS® chromatograms
obtained in a 3D IT of tuna sample 1 (the mass spectra
obtained are also shown as an insert). The MS fragments
obtained were the same as reported for the other mass
analyzers. The PFSAs do not give product ion mass spectra
in the 3D IT. However, the lack of fragmentation of these
compounds at high amplitudes can be considered additional
confirmation. Figure 3 also shows in the same tuna sample
1 the identification of PFUnDA from the MS spectrum
obtained in the IT and the subsequent fragmentations of the
peak. With use of single MS, the PFCs at relatively low
concentration were missed owing to the high background
encountered, and for this reason PFCs were screened against
a nominal mass database, which contained data on 30
compounds out of the compound classes of PFCAs, PFSAs,
and perfluorosulfonamides. Perfluoroheptanoic acid and
PFUNDA may have been detected in several samples.
Figure 4 refers to the sample extract of tuna sample 1
analyzed by LC-QqLIT in the EPI mode and by M$>. The
MS* mass spectra could not be obtained for PFPA and
PFBS. However, as the fragmentation in the linear IT is
more similar to that of the QqQ, PFSAs can be properly
confirmed. The presence in the sample of PFPA, PFBS, and
PFDA was inferred from both the SRM peaks (at the
corresponding retention times) and the EPI spectra.

Conclusions

The data presented show the capabilities of modern MS for
detection and identification of analytes such as PFCs in
complex matrices. From the different instruments tested, the
QqLIT working in SRM modes provides the best LOQs; the
sensitivity of the IDA methods (EPI and EPI-MS?) is
approximately 20 times lower compared with that of SRM
methods. The other mass analyzers, QqQ and 3D IT, can
determine most of these compounds in the samples
analyzed. The QqLIT and 3D IT present additional features,
such as the MS® fragmentation and the possibility to search
for other nontarget PFCs that help to confirm the identity or
to identify other nontarget related compounds.

Therefore, combination of the information obtained in
several systems according to the performance characteristics
of the compounds is still the best option. The versatility of the
QqLIT instrument evidences an interesting combination:
conventional SRM provides excellent sensitivity and selec-
tivity in the quantitation and the IDA mode, combining an
SRM or MS scan as the survey scan and an EPI scan as the
dependent scan within the same run, conserves the quantita-

Q Springer

tive performance of SRM methods, and provides additional
product ion spectra at low concentrations. Despite the
advantages of the IT scanning possibilities, some limitations
have also been evidenced for compounds that present scarce
MS/MS fragmentation under the conditions selected (PFPA)
or that provided fragments at low m/z ratios (PFSAs).
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3.2.3 PFASs in infant daily intake

The experimental work and results are presented in the following publications:
Scientific publication 6:

Llorca, M., Farré, M., Picé, Y., Teijon, M. L., Alvarez, J. G. and Barcel6, D. (2010)

"Infant exposure of perfluorinated compounds: Levels in breast milk and commercial baby

food"

36(6): 584-592 Environment International
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In this study, an analytical method to determine six perfluorinated compounds (PFCs} based on alkaline
digestion and solid phase extraction (SPE) followed by liquid chromatography-quadrupole-linear ion trap
mass spectrometry (LC-QqLIT-MS) was validated for the analysis of human breast milk, milk infant formulas
and cereals baby food. The average recoveries of the different matrices were in general higher than 70% with
arelative standard deviation (RSD} lower than 21% and method limits of detection {MLOD) ranging from 1.2

I;mogf;ated chemicals to 362 ng/L for the different compounds and matrices.

Breast milk The method was applied to investigate the occurrence of PFCs in 20 samples of human breast milk, and 5
Infant formulas samples of infant formulas and cereal baby food (3 brands of commercial milk infant formulas and 2 brands
Baby food of cereals baby food). Breast milk samples were collected in 2008 from donors living in Barcelona city
LC-QLIT-MS (Spain) on the 40 days postpartum. Perfluorooctanesulfonate (PFOS) and perfluoro-7-methyloctanoic acid (i,

p-PFNA) were predominant being present in the 95% of breast milk samples. Perfluorooctanoic acid (PFOA)
was quantified in 8 of the 20 breast milk samples at concentrations in the range of 21-907 ng/L. Commercial
formulas and food were purchased also in 2009 from a retail store. The six PFCs were detected in all brands of
milk infant formulas and cereals baby food analyzed, being perfluorodecanoic acid (PFDA), PFOS, PFOA and i,
p-PFNA the compounds detected in higher concentrations (up to 1289 ng/kg). PFCs presence can be
associated to possible migration from packaging and containers during production processes.
Finally, based on estimated body weight and newborn intake, PFOS and PFOA daily intakes and risk indexes
(RI} were estimated for the firsts 6 month of life. We found that ingestion rates of PFOS and PFOA, with
exception of one breast milk sample did not exceed the tolerable daily intake (TDI} recommended by the
EFSA. However, more research is needed in order to assess possible risk associated to PFCs contamination
during early stages of life.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Perfluorinated compounds (PFCs} have been manufactured since
the 1960s for a wide range of industrial and consumer applications.
The strong carbon fluorine (C-F} bonds of PFCs give them a high
thermal, chemical and biological stability. These compounds have
been employed in textiles and food packaging due to their unique
properties as repellents of water and oils. PFCs have been also used as
surfactants and lubricants in fire-fighting foams, pesticides and
personal care products (Voogt and Saez, 2006). Until the last years
the environmental occurrence of PFCs has received little attention,

* Corresponding author.
E-mail address: mfugam®@cid.csices (M. Farré).

0160-4120/% - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.envint.2010.04.016

mainly because of their low acute toxicity and difficulties in their
chemical analysis. However, their manufacture, use and disposal have
led to their widespread distribution in the environment. PFCs have
been detected in different water matrices (as rivers (Kannan et al.,
2002}, lakes (Furdui et al,, 2007}, rainwater (Kim and Kannan, 2007},
and wastewater (Bossi et al., 2008)), in the air (Kim and Kannan,
2007), wildlife (Giesy and Kannan, 2001; Kelly et al, 2009) and
humans (Kirrman et al., 2009; Tao et al., 2008a,b). These compounds
are biomagnified in the aquatic food chains (Kannan et al., 2005; Kelly
et al,, 2009} and are highly persistent (Olsen et al, 2007). A study
performed with serum of retired production workers showed that
half-life elimination of PFOS, perfluoro hexanesulfonate (PFHxS) and
PFOA appears to occur over a long period of time. Differences in
species-specific pharmacokinetics may be due, in part, to a saturable
renal resorption process (Olsen et al, 2007). On the other hand,
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results obtained in epidemiological studies in PFOS and PFOA exposed
workers have not shown concluding evidences of increased cancer
risk (Olsen et al., 2003). However, different studies have revealed
toxicological effects of PFCs, such as the suppression of humoral
immunity in mice (Peden-Adams et al., 2008). The toxicology of PFCs
has been reviewed (Kudo and Kawashima, 2003; Lauetal,, 2007). One
of the more relevant observations is the decrease of the thyroid
hormone levels in the serum of monkeys and rodents after PFC
exposure (Benvenga et al.,, 2002; Lau et al,, 2007; Luebker et al., 2002;
‘Weiss et al., 2009). PFCs are structurally homologous to free fatty acids
(Holmes et al., 2009; Luebker et al., 2002}, and as such they bind to
liver fatty acids-binding protein and albumin which is mainly in blood
and liver (Jones et al., 2003). By altering thyroid hormone levels, PFCs
may affect fetal and neonatal development (Larsen and Delallo, 1989).

During the last years different studies have assessed the levels
of PFCs in human breast milk (Kdrrman et al., 2009, 2007; Kishikawa
and Kuroda, 2009; Vélkel et al, 2009), reporting levels of con-
centration in the range of ng/mL. Different investigations have studied
possible relations between different factors as mother ages, birth
weight, infant sex, or the levels of thyroid hormone in infant's blood
(Inoue et al,, 2004; Tao et al, 2008a,b), but not correlations were
established. All these results indicate that further studies are needed
to determine how a long exposure in humans can result in
reproductive impairments.

In this context, the aims of the current study were: 1} To validate
an analytical method based on solid phase extraction followed by
liquid chromatography coupled to tandem mass spectrometry (SPE-
LC-MS/MS) for the analysis of PFCs in breast milk samples and baby
food; 2} to analyze the PFCs in different types of childbirth food
(human breast milk, milk infant formulas and cereals baby food);
and 3} to evaluate the Risk Index (RI) for daily childhood intake based
on the guidelines of the Eurepean Food Safety Authority (EFSA}.

2. Materials and methods
2.1. Chemicals and standards

Perfluoro-n-octanoic acid (PFOA} [MW: 414; >99%], perfluoro-n-
nonanoic acid (PFNA) [MW: 464; >99%], perfluoro-7-methyl octanoic
acid (iL,p-PFNA) [MW: 464], perfluoro-n-decanoic acid (PFDA} [MW:
514; >99%], potassium perfluoro octanesulfonate (PFOS} [MW:
538.22), sodium perfluoro-1-decanesulfonate (PFDS} [MW: 622.13;
>99%] were purchased from Wellington Laboratories Inc., Canada.
Internal standard sodium perfluoro-1-[1,2,3,4-13C,] octane sulfonate
("*C,-PFOS) [MW: 526.08; >99%] and perfluoro-n-[1,2,3,4-'3Cy]
octanoic acid ('C4-PFOA) [MW: 418; »99%] and the surrogate
perfluoro-n-[1,2-13C,] decanoic acid ('*Co-PFDA) [MW: 516; >99%]
were also purchased from Wellington Laboratories Inc. Water and
Methanol (MeOH} were of HPLC grade and they were from Merck
(Darmstadt, Germany). Ammonium acetate salt (AcNH4: MW, 77.08;
>98%) was obtained from Sigma-Aldrich, Steinheim, Germany.
Sodium hydroxide base (NaOH: MW, 39.997; >97%) was from Merck.

2.2. Sample collection and sample preparation

Following institutional review board approval, 20 samples from
women residing in Barcelona city (Spain) were included in this study.
The experimental protocol was approved by a local ethical committee
in accordance with the Spanish regulation, and the informed consent
was obtained from all participating subjects. After signing the
informed consent, the mothers were asked to complete a question-
naire for information about residence, age, number of infants
previously breast fed, newborn weight and newborn sex, mother
habits, type of work and diet.

Breast milk samples were collected either using a breast pump or
by hand expressing the milk into the pre-washed polypropylene (PP}

tubes containers on the 40 days postpartum at the hospital. Aliquots
of 25-30 ml of breast milk were collected into 50 mL PP tubes, stored
at —20 °C. Before extraction, samples were lyophilized, homogenized
and stored at —36°C.

3 brands of powdered milk based infant formulas and 2 brands of
dry cereals baby food from retail store were included in this study.
Powdered milk infant formulas were supplied in 400 g tin packing,
and the composition in proteins, fat and carbohydrates were in the
range of 10.5-11%, 27.5-29% and 55-56.9%, respectively. Dry cereals
baby food were supplied in 250 g plastic bag packages with
composition in proteins, fat and carbohydrates in the range of 6-
6.5%, 1-1.2% and 87.4-88%. The composition of the studied infant
formulas as given on the label was:

Baby Cereal (A} — Made with cereal grains (rice) that have been
enzymatically hydrolyzed to be easy to digest without gluten. This
cereal contains specially adapted milk, made with skim milk and a
blend of vegetable oils, to suit babies' nutritional needs.

Baby Cereal (B} — Made with wheat based infant cereal grain (rice
and corn} enzymatically hydrolyzed without milk, lactose and
gluten.

Sample pre-treatment and extraction procedure was based on an
alkaline digestion according to a protocols described before (Llorcaetal.,
2009; Ye et al., 2008, Taniyasu et al., 2005} followed by a clean-up using
solid phase extraction (SPE} with C;g Sep-Pack cartridges.

Briefly, approximately 1g¢ of each lyophilized sample was
weighted and transferred into a 15 mL PP tube, then 2 mL of ultra-
pure water were added and shaken. In order to evaluate the
recoveries sample homogenates were fortified with the surrogate
internal standards and digested with 8 mL of NaOH (10 mM in MeOH)
during 3h at 125u/min on an orbital shaker table at room
temperature. After the orbital digestion the samples were centrifuged
during 10 min. at 4000 rpm and 3 mL of supernatant was taken and
diluted with 27 mL of water in a 50 mL PP tube and vortexed during
5 min. A SPE was performed using Sep-Pak cartridges preconditioned
with 5mL of MeOH and 5 mL of water. Then, pre-treated samples
were loaded onto the cartridge, under gravity conditions, and dried
under vacuum in a J.T. Baker (Phillipsburg, N] EEUU). The elution was
carried out with 5 mL of MeOH in a 15 mL of PP tube and reduced to
dryness under a gentle stream of nitrogen. The extracts were
reconstituted with 150 pL. of mobile phase at its initial gradient
conditions, and in order to account the matrix effects during the
analysis the instrument performance internal standard was intro-
duced (at 1.5 ng/mL level in vial). The extraction procedures were
carried out working in triplicate for all samples.

2.3. Instrumental analysis

The analysis of PFCs was performed by LC-ESI-MS/MS. LC was
performed using a Symbiosis ™-Pico (Spark Holland, Emmen, The
Netherlands) with a €18 LiChroCART® Purosphere Star-18e analytical
column (125 mmx4 mm id., 5pm) from Merck (Darmstadet,
Germany) at room temperature. The mobile phase consisted of (A}
aqueous ammonium acetate 20 mM (B} methanol. The elution
gradient conditions for the LC mobile phase were as follows: 10-
80% B over 5 min, then 80-90% B over other 5 min followed by an
isocratic hold at 90% B for 8 min. At 18 min, B was returned to 10% in
2 min. The total run time for each injection was 20 min. The flow rate
was kept at 0.5 mL/min throughout the run, and the sample volume
injected was 20 pl.. The LC system was coupled to a quadrupole-linear
ion trap mass spectrometer (QLIT-MS/MS} 4000 QTRAP (Applied
Biosystems), equipped with a Turbo Ion Spray source employed in the
negative electrospray ionization mode (ESI(—}). Acquisition was
performed in multiple reaction monitoring (MRM) mode to obtain
sufficient quantification points for confirmation of each analyte.
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Table 1
Molecular weight of the PFCs analyzed in this study. Retention times, main transitions, internal standards (i.s.), declustering potential, collision energies and entrance potential (EP).
Molecular weight Retention time (min) (m/z) Transitions is Declustering Potential (V) Collision Energy (V) EP (V)
PFOA 414.07 11.05 413369 MPFOA =25 =25 —10
413>218
413>169 *
PFOS 538.22 11.69 459280 MPFOS —100
48999
48980 *
ip-PFNA 464.08 11.54 463>218 MPFOA —15
463-168 *
PFNA 464.08 11.84 463>218 * MPFOA —25
463>169
PFDA 514.08 12.8 513>468 MPEDA —35
513>268
513>119*
PFDS 622.00 13.5 59999 MPEFOS —100
588>82
595>80 *

* m/z quantification transitions.

Identification and quantification of target analytes were carried out
using my/z transitions and retention times (Table 1). Optimized
parameters were as follows: curtain gas (CUR}), 30 (arbitrary units};
ionsource gas 1 (GS1}, 25 (arbitrary units}; ion source gas 2 (G52}, 25

Table 2
Instrumental parameters of the LC-QqLIT-MS method developed for the analysis of PFCs
(values obtained by injection of standard solutions).

linear range  linearity  ILOD  ILOQ  Precision (RSD %)

(ng/L) (r%) (fg) (fg) Intraday Interday
PFOA 0.005-50 0.8995 0.03 0.1 777 10.00
PFOS 0.003-300 0.9996 0.2 0.6 8.69 10.20
ip-PENA 0.01-100 0.9954 0.6 20 9.58 1040
PFNA 0.01-100 0.5954 0.6 20 13.10 16.10
PFDA 0.5-500 0.9996 0.3 10 14.60 18.7¢
PFDS 0.05-500 0.9997 03 10 820 852

Linear range in standard solutions. ZLOD and JLOQ; instrumental limit of detection and
quantification respectively.

(arbitrary units); source temperature (TEM}, 350 °C; ion spray (IS},
— 4500 V; entrance potential (EP}, — 10V, collision cell exit potential
(CXP} —10 °C and declustering potential {DP} — 25 V. The dwell time
of each MRM transition was 150 ms.

2.4. Quality assurance and quality control

Validation of the method included determination of linearity
range, intra-assay precision, accuracy, matrix effects, limit of
detection (LOD) and limits of quantification (LOQ). Matrix-spike
recoveries of individual PFCs through the analytical procedure were
determined by spiking of six selected compounds in ultra-pure water,
blank breast milk, and milk infant formula and cereals baby food. Five
replicates of each type of sample spiked at 3 levels of concentration
were performed (50, 750 and 1500 ng/L).

For spiking experiments the samples, approximately 1g of
lyophilized samples (milk or baby food} and 1mL of ultra-pure
water were placed in a PP container and were spiked with the mixture

Table 3
Internal standards, main MS? transitions and collision for MS? and EPI experiments, excitation energies (AF2), collision energies (CE) and main product ions in MS?, EPI and MS*
experiments.
Compound Internal Standard MS* EPI MS*
Transitions CE (V) m/z (% ratio) Assignment CE (V) AF2 CE m/fz (% ration) Assignment
PFOA MPFOA 413>168 =2 169 (100) [CaF7] —25 100 —25
413>369 —25 369 (88) [CrFys]™ 218 (100) [CFo]™
169 (24) [CaFo]~
369 (20) [CoF1s]™
413>219 25 218 (50) [CaFs] ™~ 169 (100) [CaF7]~
219 (13) [CFa]™
PFOS MPFOS 49880 —100 80 (100) [SOs]~ —20 200 —40
485>99 —100 S (50) [SOzF]~
489280 —100 280 (35) [C4FsSO5]~ 130 (100) [CFSD5]~
280 (10) [CaFsS05]~
ip-PFNA MPFOA 463169 —15 419 (100) [CaFy7]™ —25 150 25 218 (100)
463>219 —15 218 (82) [CaFs] ™~ [CFa]™
418 (10) [CeF17]™
169 (55) [CFs]~ 169 (100) [CaF]~
269 (36) [GFu]™ 219 (15) [CaFs]™
PFNA MPFOA 463219 —15 213 (100) [CaFs] ™~ —25 150 25 169 (100) [CaF7]~
218 (20) [C4Fs]™
463>169 —15 169 (75) [CF]~
PFDA MPFDA 513=119 —35 119 (100) [CoFs]— —25 1c0 —25
513>469 —-35 469 (88) [CoFyo]™ 218 (100) [CaFo]™
269 (60) [CsFu]™
469 (5) [CoF1o]™
513>169 —35 169 (85) 169 (85)
PFDS MPFOS 59980 —100 80 (100) [SOs]~ —25 —1c0 —100
58988 —100 9 (90) [SO:F]~
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=% &M o of standards, taken care to uniformly spread them on the sample. The
~20TE ; X
; HHHHHH spiked samples were left for 15 min at room temperature to ensure
E RERER § the appropriate distribution in the matrix. Then, the samples were
. processed, as reported before. For the assessment of all the mentioned
§° i; AR parameters, the analyte response was always related to the IS
_|lslgaggasy response (1.5pg/L in vial of each, '3C,-PFOS and '3C,-PFOA to
2™ - compensate for undesirable matrix effects and losses during the
5 AFEEEEE extraction procedure).
SlElasanxa Procedural blanks were carried out in order to assure the not
I - contamination by PFCs for the entire method. Blank tests were also
2 O |axng o carried out on all the sample containers to rule out possible
% % e HERE E = contamination from the sampling, storage and shipment containers.
% Blank tests were carried out with ultra-pure water and a breast
z § 2 e, ~n milk sample which did not showed any contamination. This breast
Sl = = milk sample was not included in the present study because it was
= selected in a special manner. The sample was from a donor
Pl e accomplishing the following requirements: Living in a non-industrial
SlHAHH A area, never having been a smoker, less than 33 years, having
N previously breastfed other babies and the milk samples were collected
S e g after 1 year of lactation. This breast milk was also used to prepare the
| ol sl sl 2l spikes materials used as control samples, and also it was used in order
o L R to calculate the MLOD in breast milk.
; = & - Finally, in order to comply with internal quality control (I1QC)
g % in e in procedures, two control samples (spiked materials) two solvent
REIELG E8F2R injections and two procedural blanks were inserted into each
= analytical batch made up of six samples. The individual values
g 2 |as a g o obtained for control samples were plotted on a process-behaviour
E s = chart during the entire duration of the study to establish if the analysis
NE is in a state of statistical control or not.
tl2lg2 |32 B
|Elz® (37778 F .
® 2.4.1. Selectivity
= % - o - For identification purposes, retention times of PFCs in the
; é: T T S T I standards and in the samples were compared at a tolerance of
E TIBR538R +2.5% Moreover, in accordance with the 2002/657/EC Decision, the
=] e - relative ion intensities (each product ion area signal versus the base
& BlaasSss product ion area signal) of the spiked samples were compared with
”H’ = E === the relative ion intensities of PFCs standard solutions, at the same
£ = concentration levels as used for the construction of the calibration
£ % G| % unr o curve.
g g ; §§§§££ A majority of the PFCs except for ip-PFNA and PFNA were
o % separated chromatographically from each other during the LC run.
*;: & g 2 |lacnass Selgctivi@y was assured by utili;ing aQqLIT system in MS/MS mode, in
2 |g|= g Erpapai= ) which single chromatographic peaks were observed for all SRM
8lg transitions.
s|2|8 =
EIEE PR
g & &
E . 2.4.2. Limits of detection and quantification
g § ~ERERGE Instrumental limits of detection (ILOD) for PFCs were determined
g S| 20wl =) at the minimum detectable amount of each compound with a signal-
= Z|=E=E=EE to-noise ratio of 3. Criteria for the limits of quantification (LOQ) were
g = @ established as the lowest concentration fulfilling all of the following
‘é ? TE T ﬁ 2% criteria: (1} bias from the calibration curve less than 25%, (2} relative
g _|2|8=8588 standard deviation of four replicates below 19%, (3} peak shapes
z B3 acceptable, and (4) signal-to-noise ratio at least 8.
1: 5 5 a ] a ok :H: Method limits of detections {(MLOD} were calculated as the
iy SlElnenanynsy minimum concentration of target compounds that can be measured
E = - according to previous criteria, analysing the different matrices
= 2 g ~ = fortified in decreasing concentrations.
HEE E" o Tag Table 2 summarizes instrumental parameters of the LC-QgLIT-MS
E g method for the analysis of PFCs. The values of ILOD and ILOQ were
E g a 2 0 obtained by injection of standard solutions in methanol-water 20 mM
c|Slz® |[ve=aEge ammonium acetate (10/90, v/v). Quantification was performed using
g . - the internal standard method. The calibration curves obtained for
- % = < E < § both the quantification and the confirmation SRMs were linear for all
il T . . . . .
= g EEE ,E 5 compounds in a wide range of concentrations with correlation
] e N -
== coefficients (R*) higher than 0.9994 for all compounds.
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Table 5
Huiman Breast Milk results.

Sample Human Breast Milk (ng/L)

PFOA T-PFOS i.p-PFNA PENA PFDA L-PFDS
1 78 + 52 <lDQ <LDQ <LDQ <L0Q
2 176 60 34 =<L0Q <LDQ 43
3 <L0Q. 28 95 <10Q <100 <10Q
4 507 111 260 <10Q <10Q <10Q
5 609 52 35 <L0Q <LOQ <L0Q
6 289 84 83 <LDQ 237 <L0Q
7 604 865 40 <L0Q <LDQ <L0Q
8 21 185 27 =<L0Q <LDQ =<LDQ
g <L0Q. 89 134 <10Q <100 <10Q
10 281 101 72 <L0Q <LDQ <L0Q
11 =<L0Q 41 93 <LDQ 1095 58
12 15 32 21 <10Q <10Q <10Q
13 <LOQ 84 57 =<L0Q <LOQ <L0Q
14 =<L0Q 99 59 <LDQ <LDQ <LDQ
15 <L0Q 28 53 <10Q <10Q 59
16 =<L0Q 56 52 <L0Q <LOQ <L0Q
17 =<L0Q 99 46 <L0Q <L0Q 40
18 <L0Q <10Q 34 <10Q <10Q <10Q
13 <L0Q 97 52 <L0Q <L0Q 54
20 =<L0Q 156 178 <LDQ <LDQ 70

<L0Q: lower than limit of quantification.

2.4.3. Linearity

The range of linearity was defined by plotting the peak arearatio of
the PFC to the IS versus PFC concentration. The following criteria for
linearity range were applied: linear regression with a correlation
ceefficient better than 0.990, and RSD of four replicates less than 25%.

2.4.4. Recovery and precision

According to the 2002/657/EC Decision, since no certified
reference materials were available for the analytes and matrices of
interest, the recovery from fortified samples was measured as an
alternative to trueness. Each type of sample was spiked in quintupli-
cate as previously described with the six PFCs at three levels of
concentration (50, 750 and 1500 ng/L}.

Precision, expressed as repeatability, was calculated by re-
peated analyses on the same sample sets for calculating interday
repeatability.

3. Results and discussion
3.1. Analytical method

The QqLIT instrument was used to perform the LC-MS/MS
analyses in the SRM mode. As an additional feature, in this instrument,
the SRM mode can be combined with attractive working modes the
Enhanced Product Ion Scan (EPI} and MS? modes, for the unambig-
uous confirmation of compounds. Operating with the EPI mode, Q1
filters the desired parent ion which is fragmented in the Q2 region.
Fragment ions are trapped in the Q3 region for a specified time prior
to being scanned out. The main limitation is the low stability of
fragment ions because the isolation and fragmentation steps are both
occurring in the LIT, only fragment ions produced with m/z values of
30% of the parent mass and higher are stable in the ion trap. However,
the FPI and M5® modes were used for confirmatory purposes. Table 3
summarizes optimized conditions in MS? and MS? and the main
product ions obtained for selected compounds.

In Table 4 are reported the method limits of detection (MLOD} and
method limits of quantification (MLOQ) determined for the different
type of matrices included in this study. MLODs were in the range 0of 0.4
to 39 ng/L in ultra-pure water, between 1.2 and 26 ng/L in human
breast milk, 1.8-363 ng/kg in milk infant formulas and 5-167 ng/kg in
cereals baby food. Recoveries for spiked samples were in the range of
80-110% for most compounds and matrices and RSD% was always
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below 21% (Table 4). Therefore, the applicability of the method for
PFCs in milk and childbirth food was proved.

PFCs chromatograms showed that the transition corresponding to
PFOA has a unique and well-defined peak whereas the extracted
chromatogram corresponding to PFOS showed smaller additional
peaks. These additional peaks have also been reported by other
authors (Llorca et al,, 2009} and tentatively assigned to the presence
of branched isomers in real samples. EPI and MS® modes were used to
reconfirm the identity of detected compounds. Fig. 1 shows an
example of PFOS and PFOA confirmation in a real breast milk sample
and the main fragmentation pathways of these compounds.

3.2. Concentrations measured

Table 5 summarizes the results obtained for breast milk samples.
PFOS, i,p-PFNA and PFOA were the compounds more frequently found.
PFOS and i,p-PFNA were detected and quantified in 95% of the 20
samples analyzed. PFOA was quantified in 45% of samples. Concentra-
tions measured were in the range of 28-865 ng/L and 21 to 260 ng/L
for PFOS and i,p-PFNA, respectively. As can be seen in the histograms
presented in Fig. 2, for the majority of breast milk samples PFOS was
ranging between 100 and 200 ng/L and i,p-PFNA was below 100 ng/L
in agreement with previously reported studies (Kdrrman et al., 2009;
So et al., 2006). PFOA was present inless number of samples than PFOS

PFOA
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Fig. 2. Histograms of no. of samples grouped according their concentrations in ng/L of
the 3 PFCs detected in higher concentrations in breast milk samples (r=20).
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Table 6
Concentrations of the 6 PFCs analyzed in this study in cereals baby food and milk infant
formulas.

Sample Concentration (ng/kg)

PFOA T-PFOS ip-PFNA PFNA PFDA L-PFDS
Cereals baby food A 438 458 438 138 266 906
B 166 162 166 440 236 561
Milk infant formulas 1 723 1088 723 219 1289 718
2 488 403 488 162 955 936
3 374 229 374 118 683 551

and i,p-PFNA, but some of the samples with PFOA were in high
concentrations. In most of the samples (Table 5) PFNA, PFDA and
L-PFDS were also detected but in concentrations below the MLOQ.

No significant correlations were found between PFCs concentra-
tion in breast milk and mother’s age, birth's sex or birth's weight in
agreement with previous works (Tao et al,, 2008a,b).

PFCs contents, expressed as ng/kg sample (powdered} and ng/L
({reconstituted), in milk-based infant formulas and cereal baby food,
are reported in Table 6. The six PFCs included in this work were
detected in all of the infant milk formula samples and baby food
analyzed. For milk infant formulas the compound detected in higher
concentrations was PFDA with concentration ranging from 693 to
1289 ng/kg followed by PFOS, PFOA and i,p-PFNA which concentra-
tion were ranging from 229 to 1098 ng/kg, 374-723 ng/kg and 374-
723 ng/ke, respectively. In Fig. 3 are presented the average contribu-
tion of the total PFCs in the milk-based infant formula analyzed. The
presence of PFCs in the milk could be associated to possible a
migration/contamination from packaging and production processes.
This conjecture is supported by the fact that the pattern of PFCs
present in these products is different of that present in the human
milk. The presence of PFDA indicates dissimilar sources of contam-
ination. In the case of cereals baby food concentrations in general
were lower, but again all compounds were quantified. Predominant
compounds were PFOS, PFOA and i,p-PFNA with cencentrations
ranging from 300 to 430 ng/kg. The average contributions of PFCs in
cereals baby food are presented in Fig. 3. It is noted that there is a
general predominance of acid forms (PFOA, ip-PFNA and PFDA).
Sulphonated forms, although being present, represent approximately
30% of the total PFCs measured. The levels of PFOS and PFOA were
similar in milk infant formulas and in cereals baby food. A previous
study by Tao et al. (2008b) reports the only available data on infant
formulas. According to it, PFC concentrations in infant formula from
the United States were 10-fold lower than the concentrations found in
the Asian breast milk samples (in the range of those found in this
study). PFOS was detected in one formula sample at a concentration of
11.3 pg/mL and perfluorochexanesulfonate in two formula samples at
concentrations of 1.36 and 3.59 pg/mL. On the contrary, our results
present higher levels and a wide profile of PFCs in milk-based infant
formulas. Because of the scarce data available, it is difficult to explain
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the reason of the differences found between our results and those of
Tao et al. (2008b}.

This data are one of the first evidences that infant and follow-up
formulas as well as other baby food can be consider as one of the
possible sources of PFCs intake. Several studies recommend not to use
the drinking water from contaminated areas for preparation of baby
food, considering this water as the major source of PFCs intake
(Kannan et al., 2002). However, in non-particular contaminated areas
the levels of PFCs in drinking water are almost negligible.

3.3. Infant exposure to selected PFCs

In order to evaluate possible risks to infant health associated to
PFCs intake, the Risk Index (RI} was calculated for human breast milk,
cereals baby food and milk infant formulas according to the EFSA
guidelines (European Food Safety Authority, 2008}. The Daily Intake
(DI} was calculated according to:

DI (ng of PFC/Kg of body weight /day)
ng of PFCs = (Consumptionax PFC concentrationb)

 Consumption expressed in mLof milk or g of milk based infant formula
or baby food per day and PFCs concentration in ng/mL or ng/g.

DI of PFOS and PFOA through mother's breast were calculated
based on the general infant's milk ingestion rate during the first
6 months of life. Infant daily consumption of breast milk can vary
depending on child’s age and its solid food intake. We calculate the
daily milk consumption rate assuming 800 mL/day per infant from
month 0 to 6. Usual consumptions were considered for milk infant
formulas. For cereals baby food 50¢g of dry food per day was
considered between the third and six month of life, as a normal rate.

The risk index (RI} was calculated according to the expression:

RI = DI/ TDI

where, TDI is the tolerable daily intake.

According to the EFSA guideline (European Food Safety Authority,
2008), TDI for PFOS was 150 ng/kg of b.w. and for PFOA 1500 ng/kg of
bw.

In Table 7 are summarized the results of RI estimation for breast
milk samples during the first 6 month, the results for milk infant
formulas and cereals baby food. As can be seen in Table 7 all results
were below 1, with exception of one breast milk sample. Therefore,
according to the criteria used for this estimation just in one case a
certain degree of toxicological risk can be considered. However,
reference doses for PFOA and PFOS are not well established and there
is a lack of consensus about TDI values for these compounds between
different organizations. Since RI is based on TDI sources should be
interpreted with caution. In addition, the risk associated with PFCs
exposure via breastfeeding should be compared with their benefits.

milk infant formulas

oPFOA

cereals baby food

aT-PFOS
oip-PFNA
aPFNA

sPFDA
oL-PFDS

0% 10% 20% 30% 40%

50%

60% 70% 80% 90% 100%

Fig. 3. Composition of PFOA, T-PFOS, ip-PFNA, PFNA, PFDA and L-PFDS to sum of total concentrations in milk infant formula and cereals baby food.
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Table 7
Risk indexes calculated for PFOA and PFOS.
PFDA TDIs (1500 ng/kg)
Day 40 2 month 3month 4 month 5 month 6 month
Average baby mass weight (kg) 44 54 6.2 6.9 76 8
Intake of breast milk V (mL) 800 300 800 800 800 800
Intake of milk based infant formula (g) 110 120 130 140 150 150
Intake of cereal baby food (g) 40 50 60
Breast milk 1 0.0094 0.0067 0.0058 0.0052 0.0048 0.0045
2 0.0213 0.0174 0.0151 0.0136 0.0123 0.0117
3 <0.0018 C.0015 0.0000 0.0000 C.00c0 0.0000
4 0.1100 0.0896 0.0781 0.0701 0.0637 0.0605
5 0.0739 0.0602 0.0524 0.0471 0.0428 0.0406
6 00350 C.0285 0.0248 0.0223 c.0203 0.0192
7 0.0732 0.0586 0.0518 0.0467 0.0424 0.0402
8 0.0026 C.0021 0.0018 0.0016 C.0015 0.0014
9 =<0.0018 <0018 <0.0018 <0.0018 =<0.0018 <0.0018
10 0.0353 0.0287 0.0250 0.0225 0.0204 0.0154
11 <0.0018 <0018 <0.0018 =<0.0018 =<0.0018 <0.0018
12 0.0019 0.0015 0.0013 0.0012 0.0011 0.co10
13 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018
14 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018
15 =<0.0018 <0018 <0.0018 <0.0018 =<0.0018 <0.0018
16 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018
17 <0.0018 <0018 <0.0018 =<0.0018 <0.0018 <0.0018
18 =0.0018 =0.0018 <0.0018 <0.0018 =0.0018 <0.0018
1% <0.0018 <0.0018 <0.0018 <0.0018 <0.0018 <0.0018
20 <0.0018 <0018 <0.0018 =<0.0018 <0.0018 <0.0018
Milk infant formula 1 0.0121 0.0107 0.0101 0.0098 0.0085 0.0080
2 0.0081 0.0072 0.0068 0.0066 0.0064 0.0061
3 0.0062 C.0055 0.0052 0.0051 C.0048 0.0047
Cereals baby food A 0.0017 0.0018 0.0022
B 0.0006 0.0007 0.0008
PFDS TDIs (150 ngfkg)
Day 40 2 month 3month 4 month 5 month 6 month
Average baby mass weight (kg) 44 54 6.2 6.9 76 8
Intake of breast milk V (mL) 800 800 800 800 800 800
Intake of milk based infant formula (g/day) 110 120 130 140 150 150
Intake Mass (g) 40 50 60
Breast milk 1 0.0631 C.0514 0.0448 0.0402 C.0365 0.0347
2 0.0727 0.0582 0.0516 0.0463 0.0421 0.0400
3 0.0336 0.0273 0.0238 0.0214 C.0154 0.0185
4 0.1344 0.1085 0.0954 0.0857 0.0778 0.0739
5 0.0631 0.0514 0.0448 0.0402 0.0365 0.0347
6 0.1016 C.0828 0.0721 0.0648 0.0588 0.0559
7 1.0480 0.8548 0.7445 0.6689 0.6073 0.5770
8 0.2247 0.1831 0.1585 0.1433 0.1301 0.1236
9 0.1077 C.0878 0.0764 0.0687 0.0624 0.0582
10 0.1224 0.0997 0.0869 0.0781 0.0708 0.0673
11 0.0456 0.0404 0.0352 0.0316 0.0287 0.0273
12 0.0387 C.0315 0.0274 0.0246 0.0224 0.0213
13 01023 0.0834 0.0726 0.0653 0.0592 0.0563
14 0.1199 0.0977 0.0851 0.0764 0.0654 0.0659
15 00339 0.0276 0.0240 0.0216 C.0196 0.0186
16 0.0682 0.0555 0.0484 0.0435 0.0385 0.0375
17 0.1186 0.0974 0.0848 0.0762 0.0652 0.0658
18 <0014 <0014 <0.014 <0.014 <0014 <0.014
19 01173 C.0956 0.0833 0.0748 C.0679 0.0645
20 0.1886 0.1537 0.1338 0.1203 0.1082 0.1037
Milk infant formula 1 0.1830 0.1627 0.1535 0.1485 0.1445 0.1373
2 0.0672 0.0597 0.0563 0.0545 0.0530 0.0504
3 0.0382 C.0339 0.0320 0.0310 C.0301 0.0286
Cereals bahy food A 0.0177 0.0201 0.0229
B 0.0063 0.0071 0.0081

In summary, a robust and sensitive analytical method for the
analysis of 6 PFCs was validated for their application in breast milk,
infant milk formulas and baby food based on SPE-LC-QqLIT-MS, with
MLOQ in the low ng/L range for most of compounds and matrices. The

application of the method to breast milk samples of donors living in
Barcelona city (Spain) showed comparable results to other studies
performed in USA, Germany, China, and Spain. PFOS, PFOA and ip-
PFNA were predominant compounds. Different brand samples of
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commercial baby food were also analyzed and the 6 PFCs were
quantified in all the samples. There is only a previous study that
reported much lower levels of PFCs in infant formulas than this one.
Because of the scarce data available, it is difficult to outline an
explanation. Finally, Rls calculated for breast milk samples and baby
food did not exceed maximum limit according to the EFSA
recommendations with exception of 1 sample of breast milk. Lactation
is a considerable source of PFCs exposure for infants, and according to
data obtained from this study approximately 300 ng of PFCs per day
may transferred from lactating mother to infants. These results justify
further investigation en human monitoring of PFCs and their possible
toxicological effects.
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3.2.4 Development and validation step-by-step of a  rapid analytical method for
the determination of PFASSs in fish and dairy produc ts

Most of the methods for the analysis of PFASs in fish and dairy products have been
based on ion-pair extraction followed by liquid extraction or alkaline digestion and, finally,
solid phase extraction (Farré et al. 2011).

Under the frame of the EU project Conffidence, the development of a simplified
method for the rapid and cost-effective analysis of 3 compounds (PFOS, PFOA and
PFOSA) in milk and fish was proposed.

In terms of time of extraction, and cost reduction, the method was based on
methanol extraction and active charcoal clean-up followed by LC-MS/MS analysis. In
order to assess the good performance of the method and their possible transferability, an
in-house validation and transferability test were carried out by 2 participants: the group of
VCH-ICT Prague and our group at IDAEA-CSIC.

The method was as follows:

Fish extraction. 2 g of homogenised fish sample is transferred into 15 mL PP tube
and mixed with 6 mL of methanol using homogenizer. Isotopically labelled standards
¥c,-PFOS, *C,-PFOA and "*C4-FOSA (final volume at level 1 pg/L corresponding to 3
pna/kg spiked level in 2 g of sample) were added with the exception of the sample SC
which is used for the preparation of the calibration curve. Then, 340 mg of activated
charcoal is added to the suspension. After 1 min vortexing, the sample is centrifuged
(20000 rpm, 5 min, 20°C). The supernatant is transferred to the centrifuge filter and
filtered (0.2 pum) through centrifuge filter tube (5000 rpm, 2 min, 20°C). Then, 500 pL of
filtrate is transferred into a PP LC-vial prior to an instrumental analysis.

Milk extraction. 2 mL of milk is transferred into 50 mL PP centrifuge tube and mixed
with 2 mL of 0.1 M formic acid in methanol solution (to precipitate proteins) and 6 mL of
methanol using homogenizer (minishaker). Isotopically labelled standards **C,-PFOS,
¥C,-PFOA, and “*C4-FOSA (final volume at level 1 pg/L corresponding to 3 pg/L spiked
level in 2 mL of sample) is added with the exception of the sample MC which is used for
the preparation of the calibration curve. Then, 100 mg of activated charcoal is added to
the suspension. After 1 min vortexing, the sample is centrifuged (10000 rpm, 5 min, 20°C)
and the supernatant transferred to the centrifuge filter (5000 rpm, 2 min, 20°C). Finally,
500 pL of the filtrate is transferred into a PP LC-vial prior to an instrumental analysis.

Instrumental analysis. The instrumental analysis performed for every participant
was based on liquid chromatography separation coupled to a triple quadrupole mass
analyzer (LC-(QqQ)-MS/MS). All chromatographic separations were conducted using a
C18 analytical column with mobile phases consisting of (A) methanol and (B) 2 - 20 mM
ammonium acetate in water at a flow rate of 0.3 mL/min. The linear gradient elution
program was the optimum for every laboratory. In all the cases, an electrospray ionization
source (ESI) operating in the negative ion mode was used as ionization source. The
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samples were analyzed by conventional triple quadrupole (QqQ), with the exception of
two laboratories which employed a hybrid triple quadrupole — linear ion trap.

3.2.4.1 Method validation

The tested parameters included linearity range, intra-assay precision, accuracy,
matrix effects, method limit of detection and quantification (MLOD and MLOQ,
respectively) based on IUPAC Technical Report (Thompson et al. 2002), decision limit
(CCa) and detection capability (CCR) as well as the recovery yields. With the exception of
linearity, the validation experiments were performed by spiking six replicates of blank fish
muscle or milk with the 3 selected compounds (PFOS, PFOA and FOSA) at three
different concentration levels (0.1; 0.5; 1; 2.5 and 5 ug/kg or pg/L). Then, the sample was
processed as reported before. The method validation for fish and fish feed has been
previously published by Hradkova et al. (2010).

For the assessment of all the mentioned parameters, the analyte response was
always related to the IS response to compensate for undesirable matrix effects and
losses during the extraction procedure. The matrix effects were assessed by comparing
the response of the analytes in the initial mobile phase at the same concentration into an
extract of a blank matrix sample extract (young hake or anchovy) obtained through the
sample preparation process.

According to the 2002/657/EC Decision, since no certified reference materials were
available for the analytes and matrices of interest, the recovery from fortified negative
samples was measured as an alternative to trueness. Negative samples of tissue of
anchovy and young hake (previously analyzed and found to be not contaminated) were
spiked in six replicates as previously described with the PFASs at different levels as
mentioned above. Precision, expressed as repeatability, was calculated by repeated
analyses on the same sample set as used for recovery tests, with the only difference that
independent samples were extracted and analyzed on two other occasions for calculating
interday repeatability.

Table 3.2 shows some validated parameters for fish tissue and milk, respectively.

Table 3.2: Performance characteristics for fish tissue (spiked level for recovery: 1 pg/kg
ww for fish and 1 pg/L ww for milk)

Performance characteristics

MLOD MLOQ —— CCa CCB
Analyte  Recovery RSD (ng/kg or (ng/kg or Linearity range (Hg/kg or (Hg/kg or
(n=6; %) (n=6; %) (ng/kg or pg/L)
ug/L) ug/L) ug/L) ug/L)
Fish
PFOS 107 9 0.075 0.15 015-15 0.015 021
PFOA 90 3 0.15 0.3 03-15 0.14 0.47
FOSA 90 4 0.15 0.3 03-15 0.18 0.49
Milk
PFOS 92 6 03 075 075-75 021 087
PFOA 93 7 0.15 0.3 03-75 0.41 0.65
FOSA 81 12 0.15 0.3 03-75 0.55 0.77

According to the quality parameters, both methodologies (for fish and milk) are
suitable for the analysis of PFASs in the matrices of interest being reproducible, robust,

236



3. PFASs in food

sensitive and fast. Once the methods were validated by the same laboratory that
developed the procedures, there was evaluated the method transferability in IDAEA-CSIC
laboratories.

3.2.4.2 Method transfer validation

The method transfer validation was carried out according to 2002/657/EC Decision.
For transferability purposes, salmon and bottled milk were purchased form supermarket
and analyzed with the described methods with few variations. An extra pre-concentration
step after centrifuge filtration was applied: 1 mL of filtrate was transferred into a PP LC-
vial prior to an instrumental analysis and reduced to dryness under N, atmosphere
conditions. The residue was reconstituted in a 500 pL of initial mobile phase conditions
(water: methanol, 90:10). Once it was assured the no sample contamination with the
selected PFASSs, the purchased samples were spiked, in six replicates, with the three
selected compounds at three different levels (fish: 1, 15, 20 pg/Kg; milk: 1, 20, 40 pg/L),
left to rest 1 h and finally homogenised prior extraction. The analysis was carried out in a
different LC-MS/MS instrument: Waters Alliance 2690 liquid chromatograph (Waters,
Milford, MA, USA) provided with a XTerra® MS Cyg 3.5um [(2.1 x 100mm), Waters
(Milford, Massachusetts, USA)] column, coupled to a Quattro LC triple quadrupole (TQD)
mass spectrometer (Micromass, Manchester, UK).

The transfer validation parameters include selectivity, MLOD, MLOQ, linearity,
trueness, the uncertainty of the recoveries, the decision limit and the detection capability.
In order to establish the trueness of the method, since no certified reference materials
were available for the analytes and matrices of interest, the recovery from fortified
samples was measured as an alternative to trueness. Precision, expressed as
repeatability, was calculated by repeated analyses on the same sample sets but
changing: person who makes the analysis and the centrifugation parameters changed: 10
min at 4000 rpm. Finally, the uncertainty of the method was calculated by recoveries
uncertainties, and the decision limits (CCa) and detection capability (CCB) were
calculated by 1ISO 11843 by the analysis of 20 blank materials. Table 3.3 shows some of
the transfer parameters.

Table 3.3: method transfer parameters

Fish Milk

PFOS PFOA FOSA PFOS PFOA FOSA
Fzr?:gf’oe/g 150/90/87° 120/91/80° 150/104/90° 107/110/86" 125/82/83° 125/112/80°
ansi_%) 19/4/4° 26/11/10% 13/11/5° 10/9/16° 13/6/14° 13/8/18°
LOD (pg/Kg)® 0.29 0.15 0.28 0.20 0.05 0.19
LOQ (ng/Kg)® 0.52 0.51 0.84 0.68 0.17 0.65
Lineavity range 0.15 - 150 0.3-150 0.3-150 0.75 - 150 0.30 - 150 0.30 - 150
(1g/Kg)
CCa (1 %) (ug/Kg)® 0.87 0.85 0.72 0.55 0.38 0.77
CCB (5 %) (Mg/Kg)® 1.29 135 1.09 0.61 0.80 1.19

@ Spiked level: 1 pg/Kg (ww) / 15 ug/Kg (ww) / 20 pg/Kg (ww)
® Spiked