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Abstract
Introduction In this study, we explore the identity of a
range of polyfluorinated surfactants (PFS) used for food
contact materials, primarily to impart oil and water
repellency on paper and board. PFS are of interest, as they
can be precursors of poly- and perfluorinated alkyl
substances (PFAS), of which several are persistent and are
found worldwide in human blood and in the environment.
Materials and methods To determine the elemental composition of PFS, we combined information from patents,
chemical suppliers and analyses of industrial blends using
ultra performance liquid chromatography-negative electrospray ionisation quadrupole time-of-flight mass spectrometry.
Results At a high pH of 9.7, both non-ionic and anionic
PFS were ionised and were recognised by negative mass
defects of exact masses, and neutral fragment losses of n×
20 or n×100 Da. More than 115 molecular structures were
found in industrial blends from the EU, US and China,
belonging to the groups of polyfluoroalkyl-mono- and diester phosphates (monoPAPS, diPAPS and S-diPAPS),
-ethoxylates, -acrylates, -amino acids, -sulfonamide phosResponsible editor: Ake Bergman
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phates and -thio acids, together with residuals and synthesis
byproducts. In addition, a number of starting materials such
as perfluorooctane sulfonamide N-alkyl esters were analysed. Di- and trialkylated PAPS and S-diPAPS were found
in migrates from European food contact materials.
Conclusion This study highlights the need to monitor for
more types of PFS in order to map the sources of PFAS in
humans and the environment.
Keywords Fluorinated surfactants . Screening .
Identification . Accurate mass spectrometry .
UPLC-ESI-QTOF . Food contact materials . Migration

1 Introduction
There is a gap in knowledge when it comes to establishing
a quantitative link between the levels of the fluorinated
compounds in human blood with the local environmental
sources (Lau et al. 2007; Leo et al. 2008). While a gradual
decrease in the concentrations of perfluorinated compounds
was found in the seawater from the Northern to the
Southern hemisphere (Ahrens et al. 2009), the human
blood concentrations were similar for Europeans and
Australians with western lifestyles (Toms et al. 2009).
Meanwhile, a Chinese study found that the monitored
perfluorinated compounds (perfluorinated alkyl carboxylic
acids, PFCA and perfluorinated alkyl sulfonates, PFSA)
only accounted for 30–70% of the total organic fluorine
present in human blood (Leo et al. 2008). Neither can
intake via dust and air (Trudel et al. 2008), or through food
or from food contact materials explain human blood levels
or profiles of PFCA and PFSA, which are the fluorochemicals that predominantly are monitored for (Leo et al. 2008;
Tittlemier et al. 2007; Falandysz et al. 2006; Renner 2007).
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However, a recent study by D’eon et al. (2009) studied
the profiles of a different kind of fluorochemicals, the
dialkyl polyfluorinated phosphate ester surfactants
(diPAPS) in food contact paper fibres and in sludge from
waste water treatment plants, and found that they matched
the profiles of diPAPS in human blood. DiPAPS contain a
perfluorinated chain in its structure (see Table 1), and rats
biotransform diPAPS to perfluorooctanoic acid (PFOA),
which is a PFCA (D’eon and Mabury 2007). This point
towards food contact materials as a source of diPAPS and
PFCA in human blood and in sludge (Lee et al. 2010).
Huset et al. (2008) also suggested that PFCA and PFSA
precursors might be present in waste water, to explain why
PFCA and PFSA levels increased from the influent to the
effluent stream of a Swiss wastewater treatment plant.
Runoff from sludge spread onto German fields was in a
study by Skutlarek et al. (2006) furthermore determined to
be the source of a PFAS contamination of drinking water,
which caused elevated PFAS levels in the blood of children
(Hölzer et al. 2008). Fluorochemicals from sludge furthermore polluted the groundwater in Düsseldorf, and PFAS in
the water was observed to upconcentrate in apples and
other vegetables—which led to a ban on watering crops
with the contaminated water (Düsseldorf 2010). It is
therefore of interest to explore which fluorochemicals are
being used, to see if the list of currently monitored
fluorochemicals is incomplete.
Commercial fluorochemicals are from a technical point of
view, very useful chemicals, which are used to impart water,
oil and stain repellency onto materials and act as dispersion
and levelling agents. Apart from being used in paper and
board, such as for food packaging, they are also used for, e.g.
textiles, metals, stones, in cleaning agents, in nano-materials,
fire fighting foams, lubricants, paintings and inks, in plastics,
pharmaceuticals and pesticides. Fluoropolymers, such as
polytetrafluoroethylene and fluorosilicones, and polyfluorinated surfactants (PFS) are major uses, where PFS alone
have an estimated worldwide annual discharge of 3,200–
3,700 tonnes (Prevedouros et al. 2006; Saéz et al. 2008). Of
this, 33% of the production of fluorinated substances in
Europe is used for packaging made of paper and board
(Lange et al. 2006; van der Putte et al. 2010). For direct
food contact, it is estimated that of all food packaging, the
paper accounts for ca. 20%, with 17% being coated paper
(e.g. plastics, aluminium or chemical coatings (RingmanBeck 2010)) and the remaining 3.5% being uncoated paper.
When the PFS-coated paper and board is in direct contact
with food, PFS can migrate to the food and be a direct
source of human exposure to PFS (Begley et al. 2005 and
2008). Upon intake and excretion, the more or less
degraded PFS will end up in wastewater and sludge, from
where they are likely to further pollute the environment and
re-enter the food chain.
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At present, most environmental and human exposure
studies monitor for the perfluorinated or fluorotelomer
alcohol-derived PFAS, which either are or have been used as
starting materials to synthesise end-use fluorochemicals.
These PFAS contain only one poly- or perfluorinated alkyl
chain (i.e. they are mono-alkylated). Examples are the anionic
PFCA (e.g. PFOA), PFSA (e.g. perfluorooctane sulfonic acid,
PFOS) and non-ionic fluorotelomer alcohols (FTOH, a
perfluorinated carbon chain coupled to CH2CH2-OH). Please
refer to Table 1 for structures. In contrast, the end-use paper
and board coatings are more complex PFS, which can be
dialkylated, polymeric and contain several functional groups.
Such complex PFS which contain perfluorinated chains can
be precursors of monoalkylated perfluorinated compounds, as
in the case of diPAPS degrading to PFCA. Whereas analytical
standards can be bought for an increasing variety of the
mono-alkylated PFAS and their degradation products, no
analytical standards are commercially available for the widely
used commercial fluorochemicals. Commercial fluorochemicals are sold as industrial blends, which apart from mixtures
of PFS, also often contain solvents such as polyethylene
glycol, which makes them challenging to analyse.
Overall, the aim of this study was therefore to search for
PFS in both industrial blends used to coat food paper and
board packaging, and in the packaging itself. More
specifically, the scopes were to determine:
&

&
&

typical m/zs of anionic and nonionic PFS by ultra
performance liquid chromatography-negative electrospray ionisation quadrupole time-of-flight mass spectrometry (UPLC-ESI–-QTOF MS)
sets of precursor and product ion m/zs for selected PFS,
which can be used in future target searches and
quantification of PFS
the approximate quantities of PFS in extracts of paper
and board food packaging. A proper quantification was
unfortunately not possible, as appropriate analytical
standards were not commercially available

1.1 Sources of PFS in paper and board for food contact
Ionic PFS is a large group of surfactants which contain a polar
head group, to which typically one to two alkyl groups of
varying chain lengths are attached. Examples of anionic PFS
are the FTOH derived mono- and diPAPS and S-diPAPS
(Begley et al. 2005, 2008), the perfluoroalkyl sulfonamide
derived phosphates or the polyfluoro alkyl thioether acids
(Dupont 2010, Mason Surfactants 2010). Table 1 gives an
overview of the structures, acronyms, common names and
uses of PFS investigated in this study. CAS numbers are not
provided, as most of the investigated PFS in the industrial
blends do not have CAS numbers. Non-ionic and polymeric
PFS are other groups of surfactants, represented by, e.g.
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Table 1 Analytical names, trade names, uses, suppliers, structures, and which compounds we found in this study
Used or present as

Structure

Composition

Measured
structures

Common name

Tradename

Supplier

FTOH
x:2 fluorotelomer alcohols

Zonyl BA-L

Sigma
Aldrich

Starting chemical for syntheses of
fluoromonomers and polymers

F(CF2)xCH2CH2OH
Solvent unknown

4:2, 6:2, 8:2, 10:2,
12:2, 14:2, 16:2

monoPAPS
x:2 FTOH di-substituted
phosphate surfactant

Synthesised
std.:
no tradename 1

U. of
Toronto /
Chiron*

Food paper grease/water repellent;
synthesis byproduct or degradation
product of diPAPS

F(CF2)xCH2CH2OP(O)(O)(O)H2

4:2, 6:2, 8:2, 10:2

diPAPS
x:2/y:2 FTOH disubstituted phosphate
surfactant or Disubstituted
phosphate surfactants

Synthesised
std.:
no tradename

U. of
Toronto/
Chiron*
Sigma
Aldrich /
Mason/
Chiron*

F(CF2)xCH2CH2OPO(O-)(H or
NH4+)(O)CH2CH2 (CF2)y F +
F(CF2)xCH2CH2OPO(OH)OH
NF: 19.5% solids; water
UR: 100% solids

4:2/4:2, 6:2/6:2,
8:2/8:2, 10:2/10:2

Zonyl NF
Zonyl UR2
Zonyl FSE

triPAPS
x:2/y:2/z:2 FTOH trisubstituted phosphate
surfactant

Present in
diPAPS,
industrial blends
and in microwave
popcorn migrates

Chiron*

Food paper grease/water repellent
(incl. Zonyl NF)
Mold release spray and internal
lubricant (polymers); semi release
(adhesives); levelling and antisoling
(caulks), (Zonyl UR)
Antisoiling (paints/coatings),
levelling and gloss and semirelease
agent (waxes, adhesives), external
lubricant (polymers), hair
conditioning and rinse
Synthesis byproduct of diPAPS

S-diPAPS
x:2/y:2 FTOH disubstituted thioether
phosphate surfactant

Present in
microw. popcorn
migrates.
(Lodyne P208E)

-

SN-diPAPS
di (N-ethyl-2perfluorooctane
sulfonamido ethyl)
phosphate

FC 807

Alkyl-PAPS
Perfluoro alkyl organic
phosphate

+

FSE: 14% solids 24%
ethyleneglycol 62% water

(x+y)=12, 14, 16,
18, 20, 22, 24, 26,
28, 30, 32, 34
(x+y)=12, 14, 16,
18, 20, 22, 24

F(CF2)xCH2CH2O 2P(O)OCH2CH2 (CF2)y F

x:2/y:2/ z:2 triPAPS
having diPAPS of
(x+y)= 12, 14, 16,
18

Food paper grease/water repellent

F(CF2)x(CH2CH2) 2SCH2 2 –
(CCH2OP(O-)(O)OCH2)

(x+y)=12, 14, 16,
18, 20, 22, 24, 26, 28

Danish
Vet. and
Food
Adm.

Food paper grease/water repellent

F(CF2)x S(O)(O)N(CH2CH3)CH2CH2O 2-P(O)OH

FF-807

Wuhan

Food paper grease/water repellent

Mixture of mono-, di- and triPAPS (as FC807): 100%

3-[2(perfluoroalkyl)ethylthio]
propionate

Zonyl FSA

Sigma
Aldrich

F(CF2)xCH2CH2SCH2CH2COOH
50% solids, 37.5 %
isopropylalcohol, 37.5% water

PFOS
Perfluorooctanesulfonate

T-PFOS (techn.
mix)

Sigma
Aldrich

Levelling and gloss
(paints/coatings, waxes, adhesives),
mold release spray and CaSO4 scale
removal (polymers),..
Starting chemical for syntheses,
degradation product of PFOS
derivatives

PFSA
Perfluoroalkylsulfonate,
tetraethylammonium salt

FT-248

Wuhan

PFOSF
Perfluorooctanesulfonate
fluoride

FX-8

Wuhan

PFOSA
Perfluorooctane
sulfonamide

FOSA

Wellington

Et-PFOSA
Perfluorooctane 1sulfonamide N-ethyl ester

FF-09

Wuhan

FC-10
Alkyl-PFOSA6
Alkyl
3
perfluorooctanesulfonamide

Wuhan

Fluoroalkoxylate
Perfluoroalkyl
polyethoxylate alcohol

Zonyl FSN4
Sigma
Aldrich
Zonyl FSO

Fluoroacrylate

Zonyl TM

Sigma
Aldrich

(x+y) = 16

(x+y) = (12),14, 16,
18, (20)
x = 4, 6, 8, 10, 12

F(CF2)x S(O)(O)OH
>98%

x=8

Starting chemical for syntheses,
degradation product of PFOS
derivatives

F(CF2)x S(O)(O)OH

x= 4, 6, 8, 10

Starting chemical for syntheses

F(CF2)x S(O)(O)OF
>90%

x=8

F(CF2)x S(O)(O)NH2
99%

x=8

Intermediate chemical

F(CF2)x S(O)(O)-NHCH2CH3
>95%

x=8

Intermediate chemical

F(CF2)x S(O)(O)N(CH2)zCH3)CH2CH2OH
>90%

x=8
z=1,2

Teflon wetting aid (waxes/polishes
/polymers), polystyrene coatings
(coffee cups), defoamer, levelling,
gloss and wetting agents
Semi-release (adhesives), mold
release and wetting agent
(polymers), levelling, gloss and
wetting agents
(waxes/polishes/graphic)
For acrylate polymers; coatings of
textiles, paper, leather; UV curable
coatings, fire fighting agents and
emulsifier for copolymers

F(CF2)x (CH2CH2O)yH
Zonyl FSN: 40% solids; 30% 2Propanol, 30% water
Zonyl FSO: 50% solids, 25%
ethylene glycol, 25% water

Intermediate chemical

F
F
F

FF FF FF

O
S NH2

FF FF FF FF O

F(CF2)xCH2CH2OC(O)C(CH3)=CH2
Solvent unknown

x=6, 8, 10, 12, 14,
y= 5,6,7,8, 9,
10,11,12,13,
14,15,16,17,18,19,20

x=5,6,7,8,9,10,11,
12,13,14,.. (cf. m/z
269, 319, 369, 419,
..919 are present)
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Table 1 (continued)
Common name

Tradename

Supplier

polyfluoropolyether (PFPE)
di-(monophosphate)

Fomblin
HC/P2 10005

EU Joint
Research
Council
(Solvay
Solexis)

di (N-ethyl perlfluoroalkyl)
N-propanoic acid

Lodyne 2000
(aqueous
dispersion)

Danish
Veterinary
and Food
Adm.

Used or present as

Structure

Composition

HO(O)(OH)PO-(CH2CH2O)nCH2CF2-(OCF2)p-(OCF2CF2)pNo chromatographic
OCF2CH2-(OCH2CH2)nOP(OH)separation
(O)OH, 93% difuncitonal
content

Food paper grease/water repellent,
antistick and antiirritant in lipsticks,
creams, hair conditioner
Emulsifier/preservative-free
systems, antimicrobial agent.
Food paper grease/water repellent etc.

Measured
structures

F CF2
F CF2

x

O

N

OH

y

Additional structure: Tentschert et al. 2010

F(CF2)x(CH2CH2)
( F(CF2)y(CH2CH2) )-NCH2CH2COOH
F(CF2)x ( F(CF2)y )C14H23O6N
Solvent unknown

(x+y)=16, 18, 20,
22, 24
(x+y) = 16, 18
(m/z 1138, 1238)
and m/z 1193, 1293

a
Can be synthesised upon request. Zonyl is a trademark of Dupont, Masurf of Masurf FS-Fluoro surfactants, Lodyne of CIBA, Fluorad FC of 3 M and
Fomblin and Solvera of Solvay Solexis
b
Other monoPAPS industrial blends are marketed under the names of, e.g. Zonyl RP; Masurf 115 and 130B; or Fluorad FC-807 and 742. FC-807 also
contains up to 15% of the phosphate diester (Iengo and Pavazotti 2007)
c

Another diPAPS industrial blend is, e.g. MASURF FS-120A

d

In the original papers accompanying the chemical it says Alkyl perfluorooctanesulfonamide, but on the internet it says N-ethyl-Nperfluorooctylsulfonylaminoethanol
e

Similar products are marketed as Solvera ® PT 5071, Fluorad FC-170-C and FC 760

f

Solvay Solexis, now market a similar product called Solvera ® PT 5045a

g
or Alkyl-PFOSA-OH N-ethyl-N-perfluorooctyl-sulfonylaminoethanol, there is a difference between the papers following the chemical and the description
on the internet

polyfluoro–alkoxylates and polyfluoro–acrylates, which increasingly are used for paper and board food contact
materials. These polyfluoro-alkoxylates can contain one or
several chains of alkoxylate units ((CX2)nO), where X
typically is H or F, but also Br or Cl (US FDA 2010a),
coupled to an alkyl chain and/or a perfluorinated alkyl
chain (F(CF2)x). Examples given in Table 1 include the
fluoro ethoxylate industrial blends such as Zonyl FSN and
Zonyl FSO containing CH2CH2O groups attached to a
fluorinated chain. Another example of a polyether PFS is
Fomblin HC/P2-1000 containing CH2CH2, CF2CF2O and
CF2O groups. This ionic perfluoropolyether (PFPE) has a
fluorinated polymeric backbone and ionic phosphate groups
at its terminal ends (Solvay 2010).
The non-ionic polymeric PFS have polymeric backbones (e.g. an acrylate or mixed copolymer), to which
fluorinated side chains can be anchored. Such PFS, with
repeating monomer units can be challenging to study by
chromatography, because of the many homologues only
differing by one unit of, e.g. CF2 or CX2CX2O. The
non-ionic PFS have mostly been studied from a technical
perspective (e.g. Larsen et al. 2006; Fitzpatrick et al.
2004), and the few methods previously developed for
these PFS in relation to environmental pollution, mainly
for sludge and soil, had difficulty in separating the
homologue series by liquid chromatography-mass spectrometry (LC-MS; Schröder et al. 2003; Schröder and
Meesters 2005; Knepper et al. 2005; Frömel and Knepper
2008).
In food contact materials, most focus has been on the
monoalkylated PFAS, which generally have been found in
rather low levels (Tittlemier et al. 2007; Fromme et al.

2007; Vestergren et al. 2008). However, migration of PFOA
from PFS-impregnated paper into popcorn resulted in mg
kg-1 levels in microwave produced popcorn (Begley et al.
2005, 2008), and PFCA was also found in the gas phase of
microwaved popcorn (Sinclair et al. 2007). The actual PFS
paper coatings have been studied less, but the United States
Food and Drug Administration (US FDA) has published
studies on PFS paper coatings by mass spectrometry
(Ackerman et al. 2009), and migration of PFS into pure
and emulsified oils, where the latter gave the highest
migration (Begley et al. 2005, 2008). The group of Scott
Mabury has also published several papers on diPAPS,
which are relevant to paper and board food packaging
(D’eon and Mabury 2007, 2009; Lee et al. 2010).
The migration potentials of chemicals in food contact
materials into food are directly linked to the initial
concentration of loosely bound chemicals in the packaging
(Piringer and Baner 2008). From this perspective, PFS are
likely to migrate and be a source of food contamination, as
they are used in high levels (0.1–4 wt.%; Dupont 2010,
Ciba/BASF Ciba BASF 2000–2010, Iengo and Pavazotti
2007), and they—as well as their precursors, breakdown
products and impurities—are loosely bound to the material,
e.g. by wet-end deposition onto the cellulose. Prolonged
contact time and high temperatures in contact with the food
usually increase migration. Also for this reason are PFS of
interest, as they are recommended for paper and boards used
when the storage times are long or the temperatures are high in
contact with fats, where other coatings fail. Finally, because
paper and board typically is used for single-use packaging, the
exposure can be high, because the consumers risk to be
repeatedly exposed to the high initial levels of PFS.
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1.2 Which PFS are of toxicological relevance to human
health?
With regards to intake via food, only chemicals of a size
corresponding to a molecular weight less than 1,000 gmol−1
(corresponding to a ca. C70 linear hydrogenated alkyl chain)
are considered able to pass over the human intestinal barrier
(EFSA 2008). As fluorine atoms are heavier than hydrogen
atoms, a similar C70 perfluorinated alkyl chain would weigh
up to 3,600 gmol−1. It would therefore be relevant to monitor
for PFS molecules weighing up to at least m/z 3,600.
FTOH are used in both Europe and the US as one of the
major starting compounds to synthesise PFS (Kissa 2002).
DiPAPS which are derived from FTOH, can be biotransformed to FTOH, and further on to unsaturated acids and
aldehydes to PFCA (Martin et al. 2005; D’eon and Mabury
2007). FTOH and their oxidation products have toxic
effects in themselves, including developmental and endocrine disruption (Lau et al. 2007; Joensen et al. 2009; Maras
et al. 2006). For PFCA, it has been shown that the longer
the perfluorinated chains (>C5), the stronger the persistence
and strength of binding to proteins is (Prieto et al. 2004),
and the more bioaccumulative they become. PFOA is thus
bioaccumulative, a suspected carcinogen (Lau et al. 2007)
and an endocrine disrupter for both men and women
(Jensen and Leffers 2008). Therefore, PFS which can
contain perfluoro chains as long as F(CF2)18, are of interest
as precursors of PFCA. PFOS and its derivatives are
considered persistent organic pollutants with various toxic
effects (Lau et al. 2007), and are prohibited in North
America, and in the EU since 2008 (Jensen and Leffers
2008). However, PFOSF and derivatives hereof are still
being produced and sold in Asia, from where pollution can
spread from production sites or via consumed products.
Information is sparser on human toxicity of the generally
long chain fluoroalkoxylates, but as they contain perfluorinated chains, they have the potential to be precursors of
PFCA as well, and are therefore relevant to monitor for.
1.3 Legislation on migration limits for PFS in Europe
The EU legislation for food contact plastics, the ‘Plastic
Directive’, contains specific migration limits for PFOA and
some polyfluorinated monomers, but not for PFS (EU
Commission 2002). For paper and board specific legislation
does not yet exist, and as a consequence PFS have no
specific migration limits. Nevertheless, the Framework
Regulation applies to all types of food contact materials
(EU Commission 2004), and according to its Article 3, all
parts of the food packaging chain must ensure that
migration of chemicals from food contact materials to food
should not occur in levels harmful to human health. In lack
of harmonised EU legislation, national legislations can be
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used. In Europe, in particular the German National legislation
for paper and board is used by industry, and it lists 10 PFS
allowed to be used in Germany (BfR 2009). Outside of EU,
China and, in particular, the US has an explicit regulation of
paper and board, including lists of coatings (US FDA
website). Currently there is an US-EPA initiative for the
industry to voluntary eliminate the US production of long
chain PFCA precursors by 2015 (US EPA 2010). In addition,
the Council of Europe has issued a list of coatings and inks
for paper and board, which is not legally binding, but
informative on the uses of various types of coatings (Forrest
2007). Despite the lack of specific EU limit values and rules
for migration testing, the European Commission issued in
March 2010 a recommendation (EU Commission 2010),
stating that all EU member states should monitor for
fluorinated compounds in food in 2010/2011. In particular,
foods containing proteins (fish, milk, meat) and of vegetable
origin should be analysed, and in addition to the PFCA, PFSA
and FTOH, it was recommended that diPAPS and monoPAPS
also should be included in the monitoring.

2 Materials and methods
A description of chemicals, instrumentation, suppliers and
more details about instrument settings is given in the
supporting information (SI).
2.1 Sampling and sample preparation
The 14 papers and board materials intended for contact with
food at high temperatures were sampled from retailers in
Denmark. For the identification study, extracts were made with
the purpose to obtain high PFS concentrations that would
enable their detection by screening methods, while migrates
were made to resemble migration to food. After removal of the
food product, the paper and boards were rinsed for salts with
distilled, deionised water, and 1 dm2 was collected. Food
contact material that had not been in contact was chosen if
possible. To make extracts, 50 cm2 was taken from two
samples (1 dm2 in total) and placed in 50 mL polypropylene
centrifuge screw-cap tubes. Forty milliter of 95% ethanol,
preheated to 60°C, was poured over the subsamples (full
immersion). The tubes were capped and ultrasonicated for 2 h
at 60°C. For the migration testing, composite sampling was
performed to limit the variation from sample in-homogeneity:
10 subsamples of each 1 cm2 were taken from each of 10
samples, giving a total area of 100 cm2. The same procedure
as for the extracts was used, but the samples were placed
in a thermostated oven, and not ultrasonicated. Immediately after ended migration, the food simulant was
decanted into new tubes and centrifuged for 10 min at
9,000 rpm. The supernatants were filtered through 0.2 μm
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nylon filtres into HPLC vials. The clean-up of the samples was
deliberately kept simple (centrifugation and filtering) to make
the analysis non-discriminative. Some extracts and migrates
were cloudy with a gel-like structure, that could not be spun
down. In the final procedure, the extracts/migrates were
therefore left to settle overnight in a refrigerator (5°C), and
then filtered. Before use, migrates and standard solutions were
given ca. 2 min of ultrasonification to release adsorbed PFS
from the walls. To focus the chromatographic peaks, the
samples were diluted with water or methanol/water, to a
solvent strength less than the initial mobile phase solvent
strength, and injected directly into the LC-MS system.
2.2 Chemical analysis
The full method is described in the SI. Briefly a Waters
UPLC Acquity system was coupled to a Micromass QTOF
Ultima Global. The UPLC (Waters, Milford, USA) was
equipped with a binary solvent delivery system and a
Waters Acquity BEH C18 column (150×2.1 mm i.d.,
1.7 μm particle size) kept at 45°C. Each of the mobile
phases A (water/methanol, 95/5, v/v) and B (methanol),
were adjusted to pH 9.7 with ammonium hydoxide. The
optimised UPLC gradient method had an initial composition of 95% A, 0–3 min linear to 40% A, 3–24 min linear to
5% A, 24–31 min linear to 2% A, 31–33 min curved to
initial composition, isocratic from 33 to 35 min., and a flow
of 0.28 mL min−1. The MS was operated in the negative
electrospray ionisation (ESI–) mode, at a desolvation
temperature of 300°C, a desolvation gas flow of 700 Lh−1
(N2) and a capillary voltage of −3 kV. The MS was
calibrated externally immediately before the analysis from
m/z 181 to 1,472 Da, and m/zs from 75 to 1,500 Da were
recorded. In the MSMS mode, the quadrupole resolution
was set to resolve ions with m/z±1.5. MassLynx v. 4.1
(Micromass) was used for data processing and calculation
of exact theoretical isotopic masses. Exact m/zs are given
with four decimal places (theoretical), accurate experimental m/zs with two decimal places, and nominal masses are
used when readability is of importance. At pH 9.7, it was
possible to separate and detect monovalent anionic, and
nonionic PFS, whereas divalent anions, e.g. monoPAPS,
were not sufficiently retained to be satisfactorily separated.
2.3 Semi-quantitative analysis of diPAPS and S-diPAPS
and quality assurance
The calculations were made by comparing the average peak
areas (from two injections) of diPAPS (789, 889, i.e. xx89
series) or S-diPAPS (921, 1021, i.e. xx21 series) for the
samples vs. a known concentration of diPAPS in an
industrial blend (Zonyl NF) with an approximate content
of 19.5% of fluorinated compounds. Conversion of units
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from mg L−1 food simulant to mg kg−1 food was done
using CEN guidelines (CEN 2002). The principle is to
convert the concentration in mg L−1 food simulant, into
migration per unit area of the extracted packaging
(mg dm−2), and then to convert to mg kg−1 food by using
the actual packaging area and mass of food (the so-called
surface-to-area-to-volume ratio). Procedural and solvent
blanks were analysed between every five and 10 samples,
and standard addition with Zonyl NF was used to check if
there was matrix interference, e.g. due to ion suppression.
As this was not the case, external calibration was used for
the semi-quantification. Internal standards were not used, as
those available, e.g. 13C PFOA, were rather dissimilar from
diPAPS and S-diPAPS, and therefore could not be expected
to respond in the same way as the diPAPS, due to variations
in extractions and instrumental conditions. The LOD for the
diPAPS in the migrates (analysed by triple quadrupole
MSMS) were calculated as 3×RSD+blank=15–22 μg L−1
and in the extracts (quantification by QTOF MS) to 0.2–
0.7 mg L−1 for 6:2/6:2, 8:2/8:2, 10:2/10:2 diPAPS,
0.2 mg L−1 for PFOA and 0.008 mg L−1 for PFOS. Further
details about the quantification are given in SI.

3 Search for PFS in industrial blends for food paper
and board
3.1 Methodology
3.1.1 Information about the elemental composition
Industrial chemicals can be difficult to buy or get samples
of, and if obtained they often lack information on the
chemical names, CAS numbers, molecular structures or
elemental compositions, which complicates the chemical
analyses. The content of the active fluorinated chemical can
range from, e.g. 20–100%, see Table 1. The rest can be
solvents such as ethylene glycol, additives, fluorinated
monomer residuals, impurities, by-products from the
synthesis and breakdown products, and this ‘matrix’ can
interfere with analysis. To gain more knowledge of the
molecular structure, we therefore searched patents and
technical literature, and calculated the exact isotopic m/z
for likely elemental compositions. These were sorted in
increasing m/z, and used to obtain extracted ion chromatograms (EIC) from total ion chromatograms (TIC).
3.1.2 Search for fluorinated compounds by use
of their negative mass defect
Even if the elemental composition is known, the deprotonated molecule might fragment in source or have adducts
attached, so peaks can be challenging to find in the MS
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scan spectra. We therefore developed a method to search
specifically for m/zs of fluorinated molecules. Negative ESI
of fluorinated compounds has the advantage that specific
fluorinated product ions and neutral losses are formed.
Meanwhile, most matrix components are not ionised, causing
the background noise in ESI− to be relatively low. In the
initial step, we searched for m/zs below nominal masses in
each scan of the mass spectra; PFOA for example has a
nominal mass of 413 Da, but an exact mass of 412.9659 Da.
This so-called “negative mass-defect” (NMD) for perfluorinated compounds, arise because fluorine has an exact
mass less than unity (18.998 Da), whereas hydrogen has a
mass larger than unity (1.008 Da). Polyfluorinated compounds containing both F and H will therefore have mass
defects below unity or closer to unity than is the case for
compounds with only C-H bonds, where the latter will have
positive mass defects. PFS having a hydrogenated part of the
molecule that is greater than the fluorinated part, will not
stand out, as their NMD does not differ greatly from, e.g.
oxygen containing non-fluorinated compounds.
3.1.3 Homologue series
In the third step, we exploited that most PFS are synthesised
by telomerisation, which is a process where CF2 =CF2 units
are added stepwise to the telogen (e.g. F(CF2CF2)I) to get
PFS of increasing alkyl chain length. As a consequence,
homologue series spaced by 100 Da (C2F4 units, 99.994 Da)
are formed. The m/z of a likely PFS candidate was used as
the starting point to search for homologue series with m/z±
n⋅100 (Kissa 2002), using EIC. Figure 1 shows examples of
diPAPS and S-diPAPS peaks separated by 100 Da.

Fig. 1 The peaks in the extracted ion chromatogram (EIC) represent
the xx89 series of diPAPS in the industrial blend Zonyl NF (first), the
industrial blend Zonyl UR (second) and in popcorn bag migrate
(third). The diPAPS elute from 11 to 21 min, whereas the
chromatographic peaks eluting from 23 to 26 min are tri-alkylated
phosphates (triPAPS) fragmenting in-source to diPAPS. Chromatographic peaks representing the xx21 series of S-diPAPS in popcorn
bag migrate (fourth)

3.1.4 MS and MSMS fragmentations

3.2 Types of PFS for food contact materials

During structure elucidation, co-eluting peaks and in-source
fragmentations must be avoided if possible, as they obscure
the MS spectra and complicates the determination of the
deprotonated molecules. However, the stability of the
precursor ions can vary significantly. The FTOH, for
instance, fragmented extensively in the source during MS
experiments, whereas the FC807, a PFOS derivative, did
not fragment at all. Losses of neutral molecules, e.g. HF
(20 Da), were typical, in particular for FTOH, fluoroethoxylates and the fluoroacrylate Zonyl TM. HF losses have
previously been observed as the main fragmentation
process for H-containing polyfluorinated in contrast to
perfluorinated compounds (Kissa 2002; Voogt and Saéz
2006), which fragmented in their carbon backbone. Such
carbon backbone fragmentations were also observed, but
subsequent to fragmentations next to hetero-atoms, e.g.
oxygen, nitrogen or sulphur, see for instance FF 10 in
Fig. S1 in SI.

The PFS in the industrial blends analysed in this study,
were either intermediates for PFS synthesis, or PFS for
paper and board coatings (see Table 1). The EIC of the
most predominant fluorinated ions are shown in Fig. 2. A
homologue series of, e.g. FTOH ions with m/z 363, 463,
563, 663,…xx63 is referred to as x63, or as m/z 363:xx63.
More than 115 individual elemental PFS compositions in
the industrial blends were found, in the range of m/z 100–
1,500, without counting the industrial starting chemicals
such as the PFOS and PFOSA mixtures, impurities or
structural isomers (Trier et al. 2010). In Table S1 (in SI), the
precursor and product ions, and their suggested elemental
compositions are listed for a subset of the PFS studied.
These precursor-to-product-ion transitions can be used to
set up quantitative ESI--MSMS methods.
Fluorotelomer alcohols can be used to synthesise PFS. The
industrial FTOH blend, Zonyl BA-L was ionised at pH 9.7
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Fig. 2 Extracted ion chromatograms (EIC) (span±0.2 Da) for the
major fluorinated peaks in the PFS analysed in this study at
concentration of 5 μg mL−1 of the total industrial blend (i.e. not
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corrected for purity). For Zonyl FSO only one of the homologue series
is shown (for clarity), but it is similar to Zonyl FSN, which is shown
in Fig. 3
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and the six homologues from 4 to 16:2 FTOH were seen (see
Fig. 2a). This mixture forms the basis for making other
FTOH-derived PFS, though some producers currently are
switching to a narrower range of short chain FTOH, starting
from 4:2 FTOH. The [M-H]− precursor ions of m/z ×63 were
only vaguely visible and instead base peaks of either ×03
(loss of 3 HF) or ×55 [M-H-108]- dominated. We are
presently investigating the fragmentation mechanism leading
to these dominant base peaks.
Fluoroalkyl sulfonates, amides, alkyl amide, carboxylate
and acrylate intermediates FF-248 (Fig. 2b) is a mixture of
four PFAS, and FX-8 (PFOSF, Fig. 2c) is a starting
compound for PFOS derivatives, and the minor peak
eluting just before its major peak, is probably a branched
isomer (Martin et al. 2005). FF-09 is a PFOSA ethyl ester,
which is a synthesis intermediate that is seen as the last set
of peaks in Fig. 2d, where the first set of peaks is a large
PFOS residual. The identity of FF-10 (Fig. 2e) is somewhat
unclear, as the papers that followed the chemical said that it
was an alkyl-PFOSA, but the information on the internet
says that it is N-ethyl-N-perfluorooctyl-sulfonylaminoethanol (Wuhan 2010). The LC-MS analyses show that FF10 contains both ethyl- and propyl perfluorooctylsulfonylaminoethanol, present as the two set of peaks in
Fig. 2e and Table 1. A more appropriate name would
therefore have been alkyl-sulfonylaminoethanol. The
fluoroacrylate intermediate, Zonyl TM (Fig. 2f) is a FTOH
derivative to make polymeric fluoroacrylates. These can,
e.g. be used to impregnate textiles but are also used in
microwave susceptors in food contact materials (US FDA
2010b). Zonyl TM contains a homologue series of at least
10 structures fragmenting to CxF2x + 1 ions with x =
5,6,7,8…14. The MS spectra of the Zonyl TM homologues have many m/zs in common with mass spectra of
FTOH. In all these industrial intermediates there are other
fluorinated impurities, e.g. PFCA, PFSA and FTOH, and
what seems to be closely eluting isomers with identical
precursor ion m/z (see FT-248, Fig. 2b). In contrast, the
analytical standards, such as the PFOSA shown in Fig. 2h,
only contain one chromatographic peak. That technical
standards are different from pure analytical standards is
also known for linear PFOS vs. technical PFOS, which has
both linear and branched isomers (see Fig. 2g). These
impurities and isomers must also be included in the
methods, in order to quantify all the PFS (Trier et al.
2010). In lack of analytical standards, the varying response
factors of the isomers are likely to cause systematic errors
and variation between quantifications made in different
laboratories.
Fluoroalkyl thio ether carboxylate intermediates Zonyl
FSA (Fig. 1i) is a fluoroalkyl thio ether carboxylate. The
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EICs contain five chromatographic peaks, corresponding to
x=4,6,8,10,12.
Fluoroalkyl phosphates and fluoroalkyl thio ether phosphates Zonyl FSE (Fig. 1j), Zonyl UR (Fig. 1k) and Zonyl
NF (Fig. 1l) all contain diPAPS (in total 12 elemental
compositions). Zonyl NF is approved for food contact by
the German BfR (5 mg dm−2, but not in contact with alcohol)
and the US FDA. The EICs of diPAPS in Zonyl NF and UR,
show several chromatographic peaks eluting between 11 and
21 min (see Fig. 1). These peaks can be identified as
homologue series of diPAPS containing different number of
C2F4 units, while the closely eluting peaks are structural
isomers. Interestingly, a second series of compounds elute
between 23 and 26 min and was seen consistently in both
industrial blends (Zonyl NF and UR) and in migrates. These
compounds have the same accurate m/zs as the diPAPS, but
their significantly later retention times implicate that they
must stem from larger molecules. It is known that monoPAPS
and triPAPS are formed as by-products of the diPAPS
synthesis (Kissa 2002, p. 55). We have recently shown that
a synthesised 8:2/8:2/8:2 triPAPS standard did match the
retention time and the MSMS spectrum of one of the peaks
(Trier et al. 2010). It is therefore reasonable to assume that the
other late eluting peaks also are triPAPS with other
combinations of chain lengths. MonoPAPS and polyfluoropolyether (PFPE) di-(monoPAPS) (present in the industrial
blend Fomblin HC/P2 1,000) being di- and tetravalent anions,
were not retained on this end-capped C18 column. To obtain
good spectra for identification and narrow peaks for quantification, they must be analysed by a different type of
separation, i.e. mixed polar phase chromatography, ion
chromatography or capillary electrophoresis, or possibly on
a C18 column after protonising one on the anions at pH<2.
The S-diPAPS shown in Fig. 1 and also in Fig. 2n were
observed in several microwave popcorn migrates, but we did
not obtain, neither an analytical nor an industrial diPAPS
standard to compare it against. It is manufactured by Ciba
under the name Lodyne P208E (Tentschert et al. 2010).
Fluoroalkyl sulfonamide phosphates FC 807 (Fig. 2o) is a
dialkylated fluoroalkyl sulfonamide phosphate, containing
both sulfonate and amide groups. Apart from the two main
PFS, it contained several isomers and starting material
impurities, such as PFOSA. This structure is potentially a
PFOS derivative. We also analysed industrial standards
from a Chinese supplier of fluoroalkyl phosphates, named
FF-807 (Fig. 2p), which resembles the FC-807, but
contained many more chromatographic peaks.
Fluoroalkoxylates (fluoroethers) Zonyl FSN (Fig. 3) and
FSO (Fig. 2q) are fluoroethoxylates. The EIC for Zonyl
FSN in Fig. 3 shows five homologue series of (CF2CF2)x
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Fig. 3 Extracted ion chromatograms of fluoroethoxylates present in
the industrial blend Zonyl FSN. Five homologue series can be
observed, each separated by Δm/z of 100 corresponding to CF2CF2

units. Within each of these homologues, a second homologue series is
observed. In the second homologues series flouroethoxylates are
separated by Δm/z of 44 corresponding to CH2CH2O units

separated by Δm/z = 100, and by several minutes in
retention time. Another series of closely eluting homologues can be seen where the mass peaks are separated by
Δm m/z=44 corresponding to an ethoxylate (CH2CH2O)
unit. The m/zs fit the patented brutto formula F
(CF2)x(C2H4O)yH for fluoroethoxylates (Zonyl FSN and
Zonyl FSO), and 66 elemental compositions were identified
within m/z 75–1,500. These are non-ionic so-called mixed
fluoro surfactants, with a perfluorinated water and oil
repellent part, and an ethoxylate part that can mix with
olefins, making them useful for applications on plastics
such as polystyrene. The MS fragmentation pattern of the
fluoroethoxylates are similar to the FTOH (e.g. m/z 355,
383, 403, 423 for 8:2 FTOH), and in addition they show
sequential losses of CH2CH2O repeat units.

(Tentschert et al. 2010), as well as m/zs 1,193 and 1,293.
As the structures were not deduced, they are not shown in
Fig. 2r, but they are clearly containing fluorinated moieties
and a suggestion of their elemental composition is given for
m/zs 1,138 and 1,238 in Table 1.

Fluoroalkyl amino carboxylic acids Lodyne 2000 (Fig. 2r)
is an example of a di-fluoroalkyl tertiary amine carboxylic
acid, which is used as a coating for food contact paper and
board. The patent did not give the exact structure, but only
three unspecified bonds attached to nitrogen (Ciba 2010). A
possible structure that fits with the elemental composition is
given in Table 1. The structure has been deduced from the
homologue series of five elemental compositions shown in
Fig. 2r. In addition, two other types of structures are present
which give the predominant m/zs 1,138 and 1,238

3.3 Analysis of food contact materials
As PFS are both water- and oil repellent, neither pure oil nor
pure water are appropriate food simulants. PFS are, however,
soluble in emulsified systems, such as foods and in alcohols.
In the absence of EU legislation on paper and board, the food
simulant was therefore chosen to be 95% ethanol, which both
is used for the extraction of paper and board (prEN 15519,
2007), and is also a fatty food substitute simulant for plastics
(Technical Directives, EU Commission 2002). Migration
times and temperatures were taken from the technical
directives on plastics (60°C, 2-h test, 1 dm2). The sample
inhomogeneity was reduced by use of composite sampling.
Of the 14 samples (see Table 2), diPAPS were detected in
five samples, and in four of these S-diPAPS were also
present, see Figs. 1 and 2n, with the highest migration from
microwave popcorn bags (Hjorth et al. 2008).
Only minor traces of PFOA were present, possibly
because we used a lower migration temperature (60°C),
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Table 2 Food contact materials that were screened for contents of PFS
Tradename (bought in)

Producer

Material

Content

Popz Microwave Popcorn (DK)
Micropop (DK)
Micro Popcorn (DK)
Masters Choice Popcorn (CD)
Burger box (DK)
Organic Micro Popcorn (DK)
The Presidents Choice Organic Popcorn (CD)
Chocolate Cake Mix (DK)

Soller LLC
Landlord
Blomberg & Co. A/S
Masters Choice (CD)
McDonalds
PopCo A/S
Loblaws Inc. (CD)
Milestone A/S

Paper bag
Paper bag
Paper bag
Paper bag
Cardboard
Paper bag
Paper bag
Paper bag

diPAPS,
diPAPS,
diPAPS,
diPAPS,
diPAPS
<LODa
<LOD
<LOD

Rye Bread Mix (DK)
Panang Curry Chicken w jasmine rice (DK)
Lasagne Bolognese (DK)
Coffee Cup (DK)
Fast Noodles (DK)
Coffee Cup (DK)

Milestone A/S
CPF Food Prod.s Co. (Thailand)
Carlilli (DE)
7-11
No information
Cantina, Copenhagen Uni.

Paper bag
Cardboard
Cardboard
Cardboard
Cardboard
Polystyrene

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

S-diPAPS
S-diPAPS
S-diPAPS
S-diPAPS

Duplicate samples were combined and tested, except for the Popz popcorn, for which 10 samples were combined (composite testing)
a

LC-MSMS LOD: 15–22 μg L−1 , see supporting information for further details

compared to the microwave conditions (up to 280°C) in the
US study (Begley et al. 2005). In popcorn migrates, we
detected semi-quantitative PFS (diPAPS and S-diPAPS)
concentrations of 0.2–0.7 mg kg−1 food, which correlate
well with the US levels in popcorn bags (0.2–1.4 mg kg−1)
tested with a less severe food simulant (30% ethanol), but
single sided (Begley et al. 2008). Other PFS, such as the
SN-diPAPS (FC-807 or FF 807) or di (N-ethyl perlfluoroalkyl) N-propanoic acid (Lodyne 2000) were not found in
these samples. In the burger box migrate a diPAPS series
was also seen, but in lower concentrations. Other PFS
might have been present that could not be detected with our
method or which were below the MS screening detection
limits of ca. 0.008–0.7 mg L−1 (for PFOS, PFOA and 6:2/
6:2, 8:2/8:2 and 10:2/10:2 diPAPS). This shows that paper
and board food packaging indeed is a source of human and
environmental exposure to these polyfluorinated surfactants, which are precursors to the persistent PFCA.

4 Conclusion
In this study, more than 115 PFS were detected in industrial
blends and in addition synthesis by-products, such as
PFOS, PFOSA and triPAPS were present. The polyfluoroethoxylates had the greatest number of homologues, which
had different numbers of repeat monomer units, CF2CF2 or
CH2CH2O that were chromatographically separated. A
number of the PFS studied are PFOS derivatives, which
are prohibited in Europe and North America, but which still
are commercially available from outside the EU. DiPAPS,
triPAPS and S-diPAPS were also detected in five of 14

samples migrates from paper and board food contact
materials, sampled in 2008. To our knowledge it is the
first time DiPAPS and S-diPAPS have been reported to
migrate from European food contact materials. This is of
environmental and human health concern as diPAPS can be
metabolised to PFCA. The PFS typically had fluorinated
chain lengths from C6 to C16, where in particular the longer
perfluorinated chains could be an issue, as they are more
bioaccumulative than the short chains (Guo et al. 2008).
The PFS which have been studied here are only a subset of
what currently is used in food contact materials (US FDA
2010a; BfR 2009). In addition, new products are being
introduced onto the market, based on polymeric and short
chain fluorochemistry. To get an overview of the sources of
fluorochemicals, it would be relevant to monitor for current
and emerging, but also for formerly used PFS, which might
be persistent. The presence of several fluorinated compounds in the blends and in the migrates, show the mixture
of PFS that humans are being exposed to, and hence the
relevance of performing toxicity tests not only on single
PFS, but also of mixtures of PFS. In addition to discovering
emerging fluorinated compounds, this study also identified
a gap of knowledge and of specific EU legislation on PFS
in food contact materials, such as paper and board. At
present, there is an urgent lack of access to both old and
emerging industrial blends, and to analytical standards of
the many homologues of PFAS and their structural isomers.
Analytical standards are essential to achieve accurate
quantifications and thus exposure estimates of PFS in food,
humans and environmental matrices. Future work in our
group will focus on setting up quantitative methods, tied to
a basic understanding of how PFS bind to and are released
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from various matrices and surfaces. These methods will be
used in surveys and enforcement campaigns on PFS in food
and in a more types of paper and board in contact with
food.
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