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Two trace analytical methods for simultaneous determination of 

three classes of perfluoroalkyl acids in food and drinking water 

 

Abstract 

Two trace analytical methods based on liquid chromatography coupled to quadrupole time-of-

flight high resolution mass spectrometry were developed and validated for simultaneous 

quantification of three groups of perfluoroalkyl acids (PFAAs) in drinking water and food. 

Method I enables accurate quantification of perfluoroalkyl carboxylic acids (PFCAs, C5-

C12), perfluoroalkane sulfonic acids (PFSAs, C4, C6, C8 and C10) and perfluoroalkyl 

phosphonic acids (PFPAs, C6, C8 and C10) in drinking water at sub ng/L levels. Methyl 

piperidine was introduced in the eluent of the solid phase extraction (SPE) column used for 

sample extraction and in the mobile phase of the chromatography. This proved to be a crucial 

parameter for achieving satisfactory recoveries and excellent sensitivity in PFPA analysis. 

The method was thoroughly validated and successfully applied to analyze the target PFAAs in 

tap water samples collected from six European countries. Method II enables quantitative 

determination of the same groups of PFAAs including the C4 PFCA in a wide range of food 

matrices at low pg/g levels. Solid-liquid extraction and a SPE clean-up were used. The 

advantageous properties of methyl piperidine were also exploited in method II. This is the 

first method that allows simultaneous analysis of PFCAs, PFSAs and PFPAs at trace levels in 

a wide variety of matrices. It was successfully applied to duplicate diet, vegetable, meat and 

fish samples. In the application of both methods, PFPAs were only detected at very low levels 

in two drinking water samples from Amsterdam, and are thus probably not of concern for 

human dietary intake in Europe. On the other hand, elevated levels of perfluorobutane 

sulfonate, a replacement chemical for perfluorooctane sulfonate, were found in drinking 

water. This calls for more research into sources and environmental fate of this compound. 
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List of papers 

The licentiate thesis is based on the following papers, referred to as Paper I and Paper II. 

Paper I 

Simultaneous determination of perfluoroalkyl phosphonates, carboxylates, and sulfonates in 

drinking water. Ullah S, Alsberg T, Berger U. J Chromatogr A. 2011 Sep 16;1218(37):6388-

95. 

Paper II 

Determination of perfluoroalkyl carboxylic, sulfonic, and phosphonic acids in food. Ullah S, 

Alsberg T, Vestergren R, Berger U. Manuscript. 

 

Aim 

The aim of this licentiate thesis was to develop sensitive, precise, accurate and fully validated 

analytical methods for the determination of a range of perfluoroalkyl acids (PFAAs) in 

drinking water and in different types of food matrices. 

The study included the development of two methods, one for analysis of PFAAs in drinking 

water (method I) and one for a range of food items (method II). The following PFAAs were 

chosen as target analytes: Perfluoroalkyl carboxylic acids (PFCAs, C4-C12), perfluoroalkane 

sulfonic acids (PFSAs, C4, C6, C8, C10) and perfluoroalkyl phosphonic acids (PFPAs, C6, 

C8, C10). 
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Background 

Perfluoroalkyl substances (PFASs) are aliphatic substances containing the perfluoroalkyl 

moiety CnF2n+1–, i.e. one or more C atoms on which all the H substituents have been replaced 

by F atoms (Buck et al, 2011). PFASs have been produced and used in a wide variety of 

industrial and consumer product applications for the last 60 years (Kissa, 2001). Applications 

include paints, polishes, packaging materials, fire-fighting foams, cook-ware, lubricants, 

cosmetics and surface treatment for paper, carpets, textile and leather products (water, oil and 

stain repellents) as well as industrial processes such as the production of fluoropolymers 

(Kissa, 2001). Perfluoroalkyl acids (PFAAs), a subset of PFASs, are surfactants with unique 

physical-chemical properties. PFAAs consist of a fully fluorinated carbon chain of typically 

four to sixteen carbon atoms and an acidic functional group, such as a carboxylic, sulfonic or 

phosphonic acid. The C-F bond in the strongest single bond known in organic chemistry, 

which makes PFAAs very resistant to degradation including reactions with acids and bases. 

This extraordinary chemical and thermal stability is favorable in industrial applications, but it 

also makes PFAAs very persistent in the global environment. The hydrophobic and 

oleophobic characteristics of the perfluorinated carbon chain together with the hydrophilic 

nature of the acid moiety lead to unique and very strong surfactant properties. PFAAs are thus 

employed in fire-fighting foams used on hydrocarbon fires and as solubilizers (Kissa, 2001). 

The chemical structures of the three groups of PFAAs that are included in this study are given 

in Figure 1. The names, acronyms and structure formulas of all target compounds are listed in 

Table 1. 

A wealth of scientific literature on PFCAs and PFSAs has been published during the last 

decade. PFPAs are a class of PFAAs that started to receive attention only recently, with the 

report of their environmental occurrence in Canadian surface water and waste water treatment 

plant effluents (D’eon et al, 2009). In contrast to PFCAs and PFSAs, PFPAs contain a 

functional group with two acidic protons. They are expected to sorb strongly to sediment or 

other solids via electrostatic interactions of the di-anionic group, possibly with multivalent 

cations (D’eon et al, 2009). 

Due to the widespread production and use of PFCAs and PFSAs, their resulting emissions and 

their environmental persistence, a broad range of these substances have been detected globally 

in aquatic food chains, wildlife and humans (Giesy and Kannan, 2001; Kannan et al, 2004; 

Kärrman et al, 2006; Houde et al, 2006 and 2011; Lindh et al, 2012; Glynn et al, submitted). 

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are the 

representatives for PFCAs and PFSAs, respectively, which have been studied most 

extensively. PFOA and PFOS have both been found to be persistent, toxic and 

bioaccumulative in the environment and in wildlife (OECD hazard assessment, 2002; Lau et 

al, 2004; Andersen et al, 2008; Conder et al, 2008). Based on these findings PFOS was added 

to Annex B of the Stockholm Convention on Persistent Organic Pollutants in 2009 (Wang et 

al, 2009). 

Despite the finding of the ubiquitous presence of PFCAs and PFSAs in human blood eight 

years ago (Kannan et al, 2004), the dominant routes of human exposure are still under debate. 

Dietary intake was suggested to be one of the major exposure pathways for PFOA and PFOS
 

(Vestergren et al, 2008). Some studies have suggested that dietary intake of fish may 

contribute significantly to human exposure to PFOS (Falandysz et al, 2006; Berger et al, 

2009). 
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Figure 1: Structures of PFCAs (A), PFSAs (B) and PFPAs (C) included in this study. 

 

Table 1: Names, acronyms and structure formulas of the target PFAAs included in this study. 

Compound group Name of compound Acronym Structure formula 

PFCAs 

Perfluoro-n-butanoate PFBA C3F7CO2
-
 

Perfluoro-n-pentanoate PFPeA C4F9CO2
-
 

Perfluoro-n-hexanoate PFHxA C5F11CO2
-
 

Perfluoro-n-heptanoate PFHpA C6F13CO2
-
 

Perfluoro-n-octanoate PFOA C7F15CO2
-
 

Perfluoro-n-nonanoate PFNA C8F17CO2
-
 

Perfluoro-n-decanoate PFDA C9F19CO2
-
 

Perfluoro-n-undecanoate PFUnDA C10F21CO2
-
 

Perfluoro-n-dodecanoate PFDoDA C11F23CO2
-
 

PFSAs 

Perfluoro-n-butane sulfonate PFBS C4F9SO3
-
 

Perfluoro-n-hexane sulfonate PFHxS C6F13SO3
-
 

Perfluorooctane sulfonate (isomer 

mixture with 78.8% linear PFOS) 
PFOS C8F17SO3

-
 

Perfluoro-n-decane sulfonate PFDS C10F21SO3
-
 

PFPAs 

Perfluoro-n-hexyl phosphonate PFHxPA C6F13PO3
2-

 

Perfluoro-n-octyl phosphonate PFOPA C8F17PO3
2-

 

Perfluoro-n-decyl phosphonate PFDPA C10F21PO3
2-

 

 

Several recent studies have investigated the presence and concentrations of PFCAs and 

PFSAs in food. Many of these studies employed solid-liquid extraction of the PFAAs from 

the food matrix using a polar organic solvent or a mixture of an organic solvent with water 

(Fromme et al, 2007; Tittlemier et al, 2007; Ericson et al, 2009; Ostertag et al, 2009; Kärrman 

et al, 2009; Ballesteros-Gomez et al, 2010). For removal of co-extracted matrix constituents, a 

weak anion exchange solid phase extraction (SPE) step (Taniyasu et al, 2005) or dispersive 

clean-up on graphitized carbon (Powley et al, 2005) were usually used. These methods were 

applied successfully to selected food matrices. However, method recoveries were strongly 

dependent on the sample matrix. For more complex food matrices effects from co-extracted 

matrix constituents were observed, or the method sensitivity was not good enough for analysis 

of a broader range of PFAAs. Low method recoveries and matrix effects can be compensated 

for by using stable isotope labeled internal standards or matrix matched and extracted 

calibration standards (LIoyd et al, 2009; Lacina et al, 2011; Malinsky et al, 2011). 

Nevertheless, poor recoveries and matrix suppression ultimately limit the method sensitivity. 

Recently, a matrix effect-free and highly sensitive method based on ion-pair extraction with 

A B C 
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subsequent SPE clean-up on Florisil and graphitized carbon was developed (Vestergren et al, 

2012). This was the first method that combined very low method detection limits with 

applicability to virtually all types of food sample matrices. However, the method by 

Vestergren et al (2012) is quite laborious and does not comprise PFPAs. Only one study has 

been published so far investigating PFPAs in canned fish and milk (Lacina et al, 2011). 

Nothing is known on the occurrence of PFPAs in other food items or in drinking water. 

The determination of PFCAs and PFSAs in dietary items is still a challenge due to very low 

levels of these compounds encountered in food, potential matrix effects, background 

contamination, varying isomer patterns of analytes and lack of isotopically labeled standards 

for all relevant analytes. As a result, agreement of quantified concentrations between 

laboratories is often poor (Berger et al, 2011). PFPAs are even more challenging to analyze 

due to their di-anionic structure and consequently their tendency to sorb to solid surfaces 

(D’eon et al, 2009). Established extraction, clean-up, separation and detection methods for 

trace analysis of PFCAs and PFSAs (see paragraph above) are not applicable to PFPAs. 

Nonetheless, highly sensitive, precise and accurate analytical methods are needed for 

quantification of dietary human exposure to PFAAs, which is a prerequisite for a sound risk 

assessment. Such methods should preferably be multi-chemical methods comprising PFCAs, 

PFSAs and PFPAs, they should be quick and easy to use and they should be applicable to a 

wide range of food matrices and beverages. To develop such methods was the objective of the 

present licentiate thesis. 

 

Results and discussion 

Development of extraction and clean-up methods 

Quantitative analysis of PFAAs at low or sub pg/g levels in food and drinking water require a 

relatively large sample intake in order to achieve a high sample to extract concentration 

factor. To avoid matrix effects that could jeopardize accurate quantification an efficient clean-

up method is then needed that is able to eliminate the co-extracted matrix constituents 

(Vestergren et al, 2012). One of the major challenges in the present study was to develop an 

efficient and quick sample clean-up that allowed the quantitative enrichment of PFCAs, 

PFSAs and PFPAs in the extract, while any potentially disturbing matrix constituents from a 

broad range of food matrices including drinking water should be removed. 

Different SPE sorbents were tested for enrichment of all analytes and removal of matrix 

constituents (see Paper I). Only one commercial SPE cartridge, the CUQAX 256 (C8 + 

quaternary amine, 500 mg – 6 mL; United Chemical Technologies, UCT, Bristol, PA, USA), 

was found to efficiently trap and release all target compounds including the PFPAs. The 

CUQAX column was consequently used in method I (for drinking water, Paper I) and method 

II (for food samples, Paper II). It contains a sorbent that provides hydrophobic interactions 

(C8) as well as anion exchange capability (quaternary amine). The structure is schematically 

drawn in Figure 2. 
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Figure 2: Structure of the sorbent of the applied SPE cartridge (CUQAX 256). 

In method I 500 mL tap water (drinking water) were directly applied to the SPE cartridge 

applying nitrogen gas pressure to extract and enrich the target analytes (Paper I). In method II 

5 g food sample were extracted using solid-liquid extraction with acetonitrile:water (90:10) 

and pure acetonitrile. Pure acetonitrile efficiently extracted most of the PFCAs and PFSAs but 

addition of 10% water was necessary for quantitative extraction of PFPAs as well as the short 

chain PFBA and PFBS. The raw extract was concentrated and applied to the CUQAX 

cartridge (Paper II). In both methods the cartridge was then washed and the analytes 

subsequently eluted with a mixture of methanol and acetonitrile containing 2% 1-methyl 

piperidine (1-MP). In method I, however, the elution solvent had to be warmed to 

approximately 60 °C to achieve good recoveries for PFPAs. This was not necessary for food 

extracts and was omitted in method II to minimize co-elution of matrix constituents. The 

clean-up procedure proved to be very efficient in removing matrix constituents from a wide 

range of sample matrices such as baby food, fish, meat, liver, food duplicates, potatoes, 

vegetables and tap water. After concentration, the extracts from the CUQAX clean-up could 

directly be injected into the instrumental system. Strong matrix effects were only observed for 

PFPAs. These were, however, a result of the tendency of PFPAs to sorb to solid surfaces in 

the absence of matrix (see Paper II and below). None of the sample matrices tested so far was 

found to be problematic to analyze with the developed extraction and clean-up methods. 

 

Development of an instrumental separation and detection method 

High performance liquid chromatography (HPLC) coupled to quadrupole time-of-flight 

(QToF) high resolution mass spectrometry (HRMS) was used for analysis of PFCAs, PFSAs 

and PFPAs in the drinking water and food samples (for the instrumental set-up see Papers I 

and II). Numerous instrumental separation methods for PFCAs and PFSAs have been 

published. They typically employed a reversed phase HPLC column and a mobile phase 

gradient of ammonium acetate buffered water and methanol (reviewed by Jahnke and Berger, 

2009). However, this method did not result in satisfactory chromatographic resolution of the 

PFPAs. Variation of the mobile phase pH between 4 and 10, adjusted with formic acid and 

ammonium hydroxide, respectively, did not improve the signal shape for PFPAs. However, 

addition of 1-MP as a strong ion pairing agent to the mobile phase, resulting in a pH ≥10, 

improved the chromatographic resolution and the instrumental response for PFPAs 

significantly (Figure 3). Additionally, also the response for the PFCAs and PFSAs increased 

(Paper I). The role of 1-MP in the chromatography of PFPAs is discussed in detail below. The 

same mobile phase composition and gradient was finally used in method I and method II, but 

the column was changed in method II to obtain shorter run times. 
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Figure 3: Extracted HPLC/HRMS mass chromatograms of PFPAs (25 pg on column) with and 

without 1-MP in the mobile phase. 

 

A QToF-HRMS instrument was selected as detector for the quantification of the target 

analytes in this study. This instrument was chosen because of its excellent selectivity in single 

stage MS due to high mass resolution. Using single stage MS, the inherent ion intensity loss 

in multiple stage MS can be avoided (Berger et al, 2004). An additional advantage of the 

QToF instrument is its high acquisition speed that allows for data acquisition in full scan 

mode resulting in chromatograms that contain information on co-extracted matrix 

constituents. Furthermore, response factors between different isomers of e.g. PFOS are 

similar in single stage MS, whereas they vary considerably in MS/MS (Riddell et al, 2009). 

Thus, quantification of the sum of all isomers of a given PFAA using a linear calibration 

standard is possible with the instrumentation used in the present study. The MS was operated 

in electrospray negative ionization mode with full scan data acquisition performed in three 

parallel scan functions for PFCAs, PFSAs and PFPAs. In the optimized instrumental method 

Enhanced Duty Cycle (EDC) was used in the scan function for PFPAs to increase the 

sensitivity for PFPAs, which otherwise suffer from a relatively low MS response compared to 

PFOS. By choosing m/z 499 (molecular ion of PFOPA) as center mass for EDC, an increase 

of sensitivity was observed not only for PFOPA but also for PFHxPA and PFDPA, which led 

to the low method detection limits for PFPAs described in the next section. 

 

Comparison of the two developed methods 

An overview of the method parameters of the two developed methods is given in Table 2. The 

main differences between the two methods are the following. In method II an additional 

analyte was included, i.e. PFBA. In method I the sample intake was a factor 100 higher, 

resulting in correspondingly lower detection limits. Method II needed an extraction step, 

while extraction and clean-up was achieved in one step on the SPE column for method I. The 

analytical separation column in method II was shorter and had a larger inner diameter, 

allowing for a higher mobile phase flow rate and shorter run times. Due to the smaller particle 

size of the column used in method II the separation power was hardly affected. Detailed 

method validation results for both methods are further presented in Papers I and II. 
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Table 2: Overview of the two developed methods. 

  Method I (Paper I) Method II (Paper II) 

E
x

tractio
n

 an
d

 clean
-u

p
 

Analytes PFCAs (C5-C12), PFSAs (C4, C6, C8, 

C10) and PFPAs (C6, C8, C10) 

PFCAs (C4-C12), PFSAs (C4, C6, 

C8, C10) and PFPAs (C6, C8, C10) 

Matrix 
Tap water (500 mL) 

Diverse food matrices (5 g) 

Baby food was used as test matrix 

Extraction 
CUQAX (C8 + quaternary amine) 

ACN:water (90:10) 

SPE column CUQAX (C8 + quaternary amine) 

Washing liquid 
MeOH 

MeOH:MTBE (95:5) containing 2% 

HCOOH 

Eluent Warm MeOH:ACN (80:20) with 2% 1-

MP 
MeOH:ACN (60:40) with 2% 1-MP 

Recoveries 40-56%, 56-97% and 55-77% for 

PFPAs, PFCAs and PFSAs extracted 

from HPLC grade water 

59-98% for all analytes extracted 

from baby food 

C
h

ro
m

ato
g

rap
h

y
 

Analytical column Zorbax Extend C18 UPLC BEH C18 

Dimensions 150 × 1.0 mm 50 × 2.1 mm 

Particle size 3.5 µm 1.7 µm 

Injection volume 5 µL 5 µL 

Mobile phase MeOH, ACN, water, 2 mM ammonium 

acetate, 5 mM 1-MP 

MeOH, ACN, water, 2 mM 

ammonium acetate, 5 mM 1-MP 

Flow rate 50 µL/min 120 µL/min 

H
R

M
S

 d
etectio

n
 

Instrument QToF-HRMS QToF-HRMS 

Quantitative 

detection 
ESI

-
, full scan ESI

-
, full scan 

Method detection 

limits 

0.095-0.17 ng/L, 0.027-0.17 ng/L and 

0.014-0.052 ng/L for PFPAs, PFCAs 

and PFSAs 

5.5-17 pg/g, 1.8-20 pg/g and 2.2-4.5 

pg/g for PFPAs, PFCAs and PFSAs 

Whole method 

linearity (r
2
) 

≥0.99 ≥0.99 

 

The role of 1-methyl piperidine in clean-up, chromatography and ionization 

In the present study, the use of 1-MP in the SPE eluent and in the HPLC mobile phase was the 

key to successful and sensitive analysis of PFPAs (as well as PFCAs and PFSAs) in complex 

matrices. We assume that the interaction of the PFPAs with the SPE sorbent of the CUQAX 

cartridge is primarily an ionic interaction between the di-anionic phosphonate group (Figure 

1) and the quaternary amine of the sorbent (Figure 2). This interaction is very strong and 

allows washing out matrix constituents from the cartridge with methanol or acidified 

MeOH:MTBE (95:5) (Table 2) without eluting the PFAAs. 1-MP is then needed in the eluent 

to undergo ion pairing with the functional groups of the PFAAs and thus displace them from 

the quaternary amine moieties. 

The increase in sensitivity especially for PFPAs in the instrumental method when using 1-MP 

in the mobile phase (Figure 3) was based on three effects. Firstly, better chromatographic 

resolution resulting in sharper peaks; secondly, suppressed baseline noise; and thirdly reduced 

sorption to surfaces in the autoinjector vial (see Paper II). 1-MP presumably acted in two 

ways in HPLC. As an ion-pairing agent it masked the negative charges of the PFAAs leading 

to an increase in the retention on a C18 stationary phase through hydrophobic interactions. 

Furthermore, the (protonated) amine group of 1-MP may have sorbed to negative charges on 

the silica surface, thus shielding the remaining active sites of the silica. 



10 
 

A high pH value of the HPLC mobile phase favors the formation of negatively charged ions 

in MS detection, leading to better sensitivity for acidic analytes. The superior effect of 1-MP 

on the MS response for the PFAAs (compared to e.g. ammonium hydroxide at the same pH) 

is probably attributable to the low escaping force of the (protonated) 1-MP in the shrinking 

electrospray droplets. The ammonium ion would be depleted from the droplets through 

volatilization of ammonia, therewith driving the deprotonation of ammonium even further. In 

contrast, the concentration of 1-MP in the shrinking droplet remains unaltered or even 

increases. Hence, the pH increasing effect of 1-MP likely remains up to the point when the 

droplets burst due to electrostatic repulsion. 

 

Challenges in the analysis of PFPAs 

Highly sensitive and fully validated analytical methods for PFPAs in complex matrices did 

not exist at the beginning of the present study. Furthermore, methods commonly used for 

PFCAs and PFSAs such as weak anion exchange SPE clean-up and reversed phase HPLC 

using an ammonium acetate buffered mobile phase did not give satisfactory results for 

PFPAs. Three major challenges were encountered in method development for PFPAs, i.e. to 

find a suitable and efficient clean-up method, to achieve good HPLC resolution and to 

develop a quality assured quantification method. The development of the clean-up method 

and of the HPLC method (Figure 3) is described above. The efficient SPE clean-up together 

with the improvements in HPLC separation and MS detection resulted in very low detection 

limits of PFPAs in complex samples. Representative chromatograms of PFPAs spiked at low 

levels to drinking water and to a baby food sample are shown in Figure 4A and 4B, 

respectively. 

 

Figure 4: Extracted HPLC/HRMS mass chromatograms of PFPAs (A) spiked at 0.5 ng/L to tap water 

from Stockholm University and (B) spiked at 60 pg/g to baby food. The differences in retention times 

between A and B are a result of different chromatographic columns and methods used in method I and 

II (see above). 
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Good method recoveries were obtained in both methods for all PFCAs and PFSAs when 

calculated versus a solvent based external calibration standard. Unusually high recoveries of 

up to several hundred percent were observed for PFPAs in both methods (see Papers I and II). 

On the other hand, in method I the PFPA recoveries from spiked HPLC water were 

reasonable (Table 2). In Paper I it was therefore hypothesized that the calculated high 

recoveries might have been due to an ionization enhancement effect of PFPAs in the mass 

spectrometer by co-eluting matrix constituents from the drinking water. However, the effect 

was further investigated in Paper II. It was shown that significant sorption of PFPAs to the 

polypropylene vial occurred in the solvent based calibration standard, i.e. in the absence of 1-

MP and matrix residuals. This sorption effect led to injection of lower concentrations of 

PFPAs than anticipated in the calibration standard, which was probably the major reason for 

the overestimation of absolute recoveries in sample extracts, both in method I and II. Isotope 

labeled internal standards that would mitigate such effects (as well as recovery losses) are so 

far not available for PFPAs. Therefore, a matrix matched external calibration standard was 

used for calculation of true sample processing recoveries for method II. Results for all 

investigated PFAAs are given in Figure 5 and Table 2. Recoveries for PFCAs and PFSAs 

were not significantly different from calculations versus the solvent based standard. On the 

other hand, reasonable and satisfactory recoveries were now obtained for the PFPAs (Figure 

5). As long as stable isotope labeled standards for PFPAs are not available, accurate 

quantification of these compounds can thus only be achieved by using a matrix matched and 

extracted calibration standard for each individual sample. 

 

Figure 5: Whole method recoveries of PFPAs spiked at 0.1 ng/g to the baby food sample. Recovery 

calculation was done versus a matrix matched external calibration standard. 

 

PFAAs in food and drinking water 

In Paper I seven drinking water (tap water) samples were collected from six European 

countries, i.e. Italy, Germany, Belgium, The Netherlands, Norway and Sweden. The samples 

were analyzed using method I. PFPAs were not found above their MDLs in the drinking water 

except for PFOPA in the two samples collected in Amsterdam, The Netherlands, where 

PFOPA was detected close to its MDL of 0.095 ng/L. Among all PFAAs highest levels were 

found for PFBS (18.8 ng/L) and PFOA (8.56 ng/L) in samples from Amsterdam and for 

PFOS (8.81 ng/L) in the sample collected in Stockholm, Sweden. In Paper II food samples of 
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diet duplicates, five different vegetables, meat and fish collected from Sweden, Germany, 

Belgium, Check Republic, Norway, The Netherlands and Bangladesh were analyzed using 

method II. PFPAs were not identified in any of the food samples. The detection frequencies 

for PFCAs and PFSAs were 46%, 49%, 64% and 77% in duplicate diet, vegetables, meat and 

fish samples, respectively. Taken together, the results preliminarily suggest that PFPAs are 

currently not of concern for dietary intake in Europe. However, the elevated levels of PFBS, a 

replacement chemical for PFOS, in drinking water from Amsterdam call for better emission 

controls for this chemical and further research into drinking water purification techniques for 

PFAAs. 

 

Conclusions 

Two novel and highly sensitive methods were developed for simultaneous determination of 

PFPAs, PFCAs and PFSAs in drinking water and food, respectively. These are the first 

published methods that are applicable to the analysis of three groups of PFAAs in virtually all 

types of food and beverage samples. The methods are thus an important tool for future dietary 

intake calculation and risk assessment of PFAAs. The methods can potentially also be applied 

to environmental samples like waste water, surface water, sea water, sediment, soil or biota. 

With the exception of PFBA, all target PFCAs and PFSAs included in both methods could be 

quantified in at least one drinking water or food sample (see Papers I and II). On the other 

hand, only PFOPA was detected among the PFPAs at levels close to the MDL in drinking 

water. From this first study, limited to only a few water and food samples, it was preliminarily 

concluded that PFPAs were currently not of concern for human dietary intake in Europe. 
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a  b  s  t  r  a  c  t

A  trace  analytical  method  based  on  high  performance  liquid  chromatography  coupled  to quadrupole
time-of-flight  high  resolution  mass  spectrometry  was  developed  for  simultaneous  determination  of
perfluoroalkyl  phosphonates  (PFPAs,  carbon  chain  lengths  C6,8,10),  perfluoroalkyl  carboxylates  (PFCAs,
C5–12),  and  perfluoroalkyl  sulfonates  (PFSAs,  C4,6,8,10)  in  drinking  water  (tap water).  Analytes  were
enriched  on  a  mixed  mode  co-polymeric  sorbent  (C8  +  quaternary  amine)  using  solid  phase  extraction.
Chromatographic  separation  was  achieved  on  a  Zorbax  Extend  C18  reversed  phase  column  using  a  mobile
phase gradient  consisting  of  water,  methanol,  and  acetonitrile  containing  2  mM  ammonium  acetate  and
5 mM  1-methyl  piperidine.  The  mass  spectrometer  was  operated  in  electrospray  negative  ion  mode.
Use  of  1-methyl  piperidine  in the  mobile  phase  resulted  in a  significant  increase  in  instrument  sensi-
tivity  for  PFPAs  through  improved  chromatographic  resolution,  background  suppression,  and  increased
ionization  efficiency.  Method  detection  limits  for  extraction  of  500  mL  tap  water  were  in the  ranges  of
0.095–0.17  ng/L,  0.027–0.17  ng/L,  and  0.014–0.052  ng/L  for  PFPAs,  PFCAs,  and  PFSAs,  respectively.  Whole
method  recoveries  at a spiking  level  of  0.5  ng/L  to  500  mL  HPLC  grade  water  were  40–56%,  56–97%,  and
55–77%  for  PFPAs,  PFCAs,  and  PFSAs,  respectively.  A  matrix  effect  (signal  enhancement)  was  observed  in
the detection  of  PFPAs  in  tap  water  extracts,  leading  to  calculated  recoveries  of  249–297%  at a  0.5  ng/L
spiking  level.  This  effect  resulted  in  an  additional  improvement  of method  sensitivity  for  PFPAs.  To  com-
pensate  for  the  matrix  effect,  PFPAs  in tap  water  were  quantified  using  matrix-matched  and  extracted

calibration  standards.  The  method  was  successfully  applied  to  the  analysis  of  drinking  water  collected
from  six  European  countries.  PFPAs  were  not  detected  except  for  perfluorooctyl  phosphonate  (PFOPA)  at
close  to  the  detection  limit  of 0.095  ng/L  in two  water  samples  from  Amsterdam,  the  Netherlands.  Highest
levels  were  found  for perfluorobutane  sulfonate  (PFBS,  18.8  ng/L)  and  perfluorooctanoate  (PFOA,  8.6  ng/L)
in samples  from  Amsterdam  as  well  as  for  perfluorooctane  sulfonate  (PFOS,  8.8  ng/L)  in tap  water  from
Stockholm,  Sweden.
. Introduction

Perfluoroalkyl acids (PFAAs) are a group of anthropogenic com-
ounds with unique physical-chemical properties [1].  They have
een used for the last 60 years in many consumer products such
s paints, polishes, packaging materials, fire-fighting foams, cook-
are, lubricants, and stain repellents as well as in industrial
rocesses for the production of fluoropolymers [1].  PFAAs consist
f a fully fluorinated carbon chain of typically four to sixteen car-

on atoms and an acidic functional group, such as a carboxylic,
ulfonic, or phosphonic acid. Due to the extraordinary stability
f the carbon–fluorine bond, PFAAs are resistant to degradation,

∗ Corresponding author. Tel.: +46 8 674 7099; fax: +46 8 674 7636.
E-mail address: urs.berger@itm.su.se (U. Berger).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.07.005
© 2011 Elsevier B.V. All rights reserved.

including reaction with acids and bases, and they persist in the envi-
ronment. During the last decade, these properties have triggered
an increasing interest among scientists and regulators seeking to
understand environmental processes and implications of PFAAs.
This has led to the discovery that some PFAAs are bioaccumulative
[2],  toxic in animal studies [3,4], and prone to long-range transport
[5].

PFAAs have been detected globally in a variety of matrices such
as sea water [6],  sludge [7],  air [8],  wildlife [9],  and in humans [10].
However, at typical environmental pH values of 5–8, PFAAs pre-
dominantly dissociate into their ionic forms and the shorter chain
homologues including PFOA and PFOS are expected to partition to
water [11,12].  Because classical water purification processes are

not efficient in removing short chain PFAAs, these may eventually
end up in drinking water [13], which is thus a potential vector for
human exposure [14]. Monitoring of tap (or drinking) water has
mainly focused on perfluorooctanoate (PFOA), perfluorooctane sul-
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http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:urs.berger@itm.su.se
dx.doi.org/10.1016/j.chroma.2011.07.005


ogr. A 

f
(
o
p

g
P
s
c
d
p
b
P
a
t
[
n
w
o
f
f
t
P
[

l
c
b
f
o
d
a
q
w
T
a
P
a
t

2

2

i
n
w
a
c
w
a
r
n
m
T
a
(
t
B
S
b
H
S
m

S. Ullah et al. / J. Chromat

onate (PFOS), and possibly some other perfluoroalkyl carboxylates
PFCAs) and sulfonates (PFSAs) [15–17].  Screening data for perflu-
roalkyl phosphonates (PFPAs) in tap water samples have not been
ublished to our knowledge.

PFPAs are a new class of PFAAs, which contain a functional
roup with two acidic protons in contrast to PFCAs and PFSAs [18].
FPAs have been used mostly in the industrial sector as commercial
urfactants with favorable wetting and leveling properties. Appli-
ations include cleaning products and aqueous coatings, as well as
efoaming additives in pesticide production [19]. The total annual
roduction volume of perfluorooctyl phosphonic acid (PFOPA) has
een estimated to be 4.5–230 tons between 1998 and 2002 [20].
FPAs are very strong acids with estimated pKa values of the two
cid groups in PFOPA of 2.4 and 4.5 [21], resulting in a high migra-
ion capability from emission sources into environmental waters
18]. Recently, the environmental occurrence of PFPAs (predomi-
antly PFOPA) was described for the first time in Canadian surface
ater and waste water treatment plant effluents [18]. The presence

f PFPAs in the European environment was confirmed in a study
rom the Netherlands where 1 ng/L of PFOPA was  found in sur-
ace water collected from Amsterdam [22]. To better understand
he risk associated with potential exposure, the biological fate of
FPAs and perfluoroalkyl phosphinic acids was investigated in rats
23].

The di-anionic character of PFPAs makes them extremely chal-
enging to analyze. Routine extraction and clean-up methods
ommonly applied in trace analysis of PFCAs and PFSAs may  not
e applicable to PFPAs. Furthermore, trace analysis of PFPAs has so
ar been hampered by methodological challenges, such as poor res-
lution in high performance liquid chromatography (HPLC) and low
etector response in mass spectrometry (MS). In the present study,

 highly sensitive analytical method based on HPLC coupled to
uadrupole time-of-flight high resolution MS  (HPLC/QToF-HRMS)
as developed and validated to quantify PFPAs in drinking water.

he presented method overcomes the challenges mentioned above
nd enables the simultaneous determination of PFPAs, PFCAs, and
FSAs with a variety of carbon chain lengths. It was successfully
pplied to a set of drinking water samples from six European coun-
ries.

. Experimental

.1. Chemicals

The abbreviations for the analytical standard compounds
ncluding surrogate internal standards (IS) and recovery inter-
al (volume) standards (RIS) are listed in Table 1. All standards
ere obtained as solutions in methanol. Native PFCAs, PFSAs,

nd PFPAs as well as the isotopically mass-labeled RIS were pur-
hased from Wellington Laboratories (Guelph, Ontario, Canada),
hile the mass-labeled PFCAs (carbon chain lengths C6,8-12)

nd PFSAs (C6,8) used as IS were donated by Wellington. All
eference standards were purely linear compounds, apart from
ative PFOS, which was a mixture of 78.8% of the linear iso-
er  (lin-PFOS) and 21.2% sum of branched isomers (br-PFOS).

he following reagents and solvents with the highest purity avail-
ble were purchased and used as received: 1-methyl piperidine
Merck Eurolab, Stockholm, Sweden), ammonium hydroxide solu-
ion (Fluka, Buchs, Switzerland), triethylamine (Fluka, Bornem,
elgium), sodium hydrogen carbonate (NaHCO3, Sigma–Aldrich,
t. Louis, MO,  USA), formic acid (Fisher Scientific GTF, Gothen-

urg, Sweden), ammonium acetate (Merck, Darmstadt, Germany),
PLC water Chromanorm grade (VWR International, Stockholm,
weden), methanol LiChrosolv grade (Merck) and acetonitrile Chro-
asolv grade (Sigma–Aldrich, Stockholm, Sweden).
1218 (2011) 6388– 6395 6389

2.2. Method validation experiments

For method development and validation, 500 mL of HPLC grade
water containing 50 mg/L NaHCO3 (mimicking the ionic strength
of tap water) were spiked with different concentrations of native
PFPAs, PFCAs, and PFSAs. The pH of the water was  adjusted to
approximately 7 by addition of 2 �L formic acid. The complete
method was validated by assessing the instrumental and proce-
dural blank contamination, detection and quantification limits,
method linearity, recoveries, reproducibility, and accuracy. Due
to the presence of traces of PFCAs in the bottled HPLC grade
water, procedural blanks were evaluated by extraction of only
5 mL  of this water. The method detection limits (MDLs) and
method limits of quantification (MLQs) were calculated from sam-
ple chromatograms based on a signal-to-noise ratio of 3 and 10,
respectively. For PFOA, which showed a minor procedural blank
contamination, the MDL  and MLQ  were defined as 3 and 10 times
the signal of the blank contamination. Whole method linearity for
PFCAs, PFSAs, and PFPAs was assessed over a spike concentration
range of the individual MLQs up to 20 ng/L water (5 data points).
Individual compound recoveries were determined in triplicates
from spiked water (500 mL)  on two different days. Spike concentra-
tions were 0.5 ng/L as well as 5 ng/L for all individual PFPAs, PFCAs,
and PFSAs. Additionally, recoveries for PFPAs were calculated at a
0.5 and 5 ng/L spike concentration in Stockholm tap water, as well
as at a 2 ng/L level in European tap water samples (see Section 2.3).
The coefficient of variation of the inter-day triplicate determination
of recoveries was used as a measure for method reproducibility.
The accuracy of the method for PFCAs and PFSAs was evaluated by
analysis of a bulk water sample collected from a freshwater canal
near Amsterdam in April 2009. This water sample had previously
been analyzed in an inter-laboratory comparison study (ILS) with
35 laboratories reporting results for at least one analyte [24]. Accu-
racy in PFPA analysis was achieved by using matrix-matched and
extracted external calibration standards. For each individual tap
water sample an aliquot of 500 mL  was  spiked with 2 ng/L of each
PFPA and extracted along with the unspiked sample. The extract
of the spiked sample was  used as external calibration standard for
quantification of PFPAs in the unspiked sample extract.

2.3. Tap water samples

Samples of local tap water (2 L of cold water) were collected
at the following seven research institutes in six European coun-
tries in July, 2010: (1) Stockholm University, Sweden; (2) Institute
for Environment and Sustainability, Ispra, Italy; (3) University of
Antwerp, Belgium; (4) University of Amsterdam, The Netherlands;
(5) VU University, Amsterdam, The Netherlands; (6) Norwegian
Institute for Air Research, Tromsø, Norway; (7) Fraunhofer Institute,
Schmallenberg, Germany (Fig. S1 in the supplementary data). Sam-
ples were collected in polypropylene bottles previously rinsed with
methanol and the sampled water itself and sent to Stockholm Uni-
versity. Upon receipt samples were stored in the freezer at −20 ◦C
until analysis in August, 2010.

2.4. Sample extraction

Prior to analysis the water samples were thawed and the sample
bottles were put into an ultrasonic bath at room temperature for
15 min. The pH was  adjusted to 7 with formic acid and two  aliquots
of 500 mL  water were taken from each sample. One aliquot was
spiked with the isotopically mass-labeled IS of PFCAs and PFSAs

(Table 1) to a concentration of 4 ng/L. The other aliquot was  spiked
with native PFPAs at 2 ng/L and served as matrix-matched and
extracted calibration standard for PFPA analysis (see also Section
2.2). The analytes were enriched on a CUQAX256 solid phase extrac-
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Table 1
Abbreviations of analytical standard compounds used in this study and selected instrumental parameters for quantification of each compound.

Compound name Abbreviation Counter ion Quantification mass [m/z] Cone voltage [V] Scan function

Native standards
Perfluoro-n-pentanoate PFPeA H+ 218.98 20 1
Perfluoro-n-hexanoate PFHxA H+ 268.98 20 1
Perfluoro-n-heptanoate PFHpA H+ 318.97 20 1
Perfluoro-n-octanoate PFOA H+ 368.97 20 1
Perfluoro-n-nonanoate PFNA H+ 418.97 20 1
Perfluoro-n-decanoate PFDA H+ 468.96 20 1
Perfluoro-n-undecanoate PFUnDA H+ 518.96 20 1
Perfluoro-n-dodecanoate PFDoDA H+ 568.96 20 1
Perfluoro-n-butane sulfonate PFBS K+ 298.94 50 3
Perfluro-n-hexane sulfonate PFHxS Na+ 398.93 50 3
Perfluorooctane sulfonate (isomer mixture with 78.8% linear PFOS) PFOS K+ 498.93 50 3
Perfluoro-n-decane sulfonate PFDS Na+ 598.92 50 3
Perfluoro-n-octane sulfonamide FOSA – 497.94 50 3
Perfluoro-n-hexyl  phosphonate PFHxPA 2 H+ 398.94 50 2a

Perfluoro-n-octyl phosphonate PFOPA 2 H+ 498.93 50 2a

Perfluoro-n-decyl phosphonate PFDPA 2 H+ 598.93 50 2a

Surrogate internal standards (IS)
1,2-13C2-Perfluoro-n-hexanoate MPFHxA H+ 269.99 20 1
13C8-Perfluoro-n-octanoate M8PFOA H+ 375.98 20 1
13C9-Perfluoro-n-nonanoate M9PFNA H+ 426.98 20 1
1,2,3,4,5,6-13C6-Perfluoro-n-decanoate M6PFDA H+ 473.98 20 1
1,2,3,4,5,6,7-13C7-Perfluoro-n-undecanoate M7PFUnDA H+ 524.97 20 1
1,2-13C2-Perfluoro-n-dodecanoate MPFDoDA H+ 569.97 20 1
18O2-Perfluoro-n-hexane sulfonate MPFHxS Na+ 402.93 50 3
13C8-Perfluoro-n-octane sulfonate M8PFOS Na+ 506.93 50 3
Recovery internal (volume) standards (RIS)
1,2,3,4-13C -Perfluoro-n-octanoate M4PFOA H+ 371.98 20 1
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1,2,3,4-13C4-Perfluoro-n-octane sulfonate M4PFOS 

a Enhanced Duty Cycle (EDC) at m/z 499 (PFOPA) was  used in function 2.

ion (SPE) cartridge (C8 + quaternary amine, 500 mg–6 mL;  United
hemical Technologies, UCT, Bristol, PA, USA). Before loading the
ample, the cartridge was rinsed and conditioned with 3 mL  each of
ethanol with 0.1 vol% 1-methyl piperidine (1-MP), methanol, and
ater. The sample was loaded at 5 mL/min. The cartridge was then

insed with 1 mL  methanol and the analytes were subsequently
luted by gravity with 8 mL  of 80:20 methanol:acetonitrile with

 vol% of 1-MP. The elution solvent was warmed up to 60 ◦C before
pplication. The extract was evaporated to incipient dryness under
itrogen at 40 ◦C and the residue was reconstituted in 200 �L of
0:50 water:methanol containing 5 pg/�L of the isotopically mass-

abeled RIS M4PFOA and M4PFOS (Table 1).

.5. Instrumental analysis and quantification

Extracts were analyzed by HPLC/HRMS using an Acquity Ultra
erformance LC (Waters, Milford, MA,  USA) coupled to a QToF
remier HRMS instrument (Micromass, Manchester, UK). Instru-
ental operation, data acquisition and peak integration were

erformed with MassLynx v4.1 control software (Waters). The
PLC instrument was equipped with a trapping column (Zorbax
xtend C18 50 mm × 2.1 mm,  3.5 �m particles; Agilent Technolo-
ies, Santa Clara, CA, USA) installed between the eluent mixer and
he injector to trap and delay PFCA contamination from the HPLC
ystem. The target analytes were separated on a Zorbax Extend C18
everse phase column (150 mm  × 1.0 mm,  3.5 �m particles, Agilent
echnologies) by injecting 5 �L sample volume at a mobile phase
ow rate of 50 �L/min. Separation was achieved at room temper-
ture by gradient elution using a mobile phase A consisting of
5:5 water:methanol and a mobile phase B consisting of 75:20:5
ethanol:acetonitrile:water, with 2 mM ammonium acetate and

 mM 1-MP in both A and B. The gradient profile started with 90%

 (hold time 0.3 min) and continued with a linear change to 80% A
p to 1 min  and to 50% A up to 1.5 min  followed by a linear change
o 100% B up to 12.5 min  and hold until 18 min. Initial conditions
ere regained at 18.5 min  followed by equilibration until 25 min.
Na+ 502.93 50 3

The mass spectrometer was  calibrated with a solution of sodium
formate, which formed cluster ions in the m/z range 75–1000. Elec-
trospray ionization in negative ion mode was employed, and data
were acquired in full scan mode (m/z 75–780) utilizing three par-
allel scan functions for PFCAs, PFPAs, and PFSAs. Enhanced Duty
Cycle (EDC) at a centre mass of m/z 499 (PFOPA) was  used in
the function for PFPAs. The following optimized parameters were
applied: capillary voltage, 3.0 kV; sample cone voltage, 20 V for
PFCAs and 50 V for PFSAs and PFPAs; collision energy, 5 eV; source
temperature, 100 ◦C; desolvation temperature, 400 ◦C; nitrogen
desolvation gas flow, 800 L/h. The applied cone voltages and scan
functions for all reference standards and analytes are given in
Table 1. For on-line mass scale correction the LockSpray utility
was  used infusing a 0.1 ng/�L solution of sulfadimethoxine in
methanol. Quantification was done using extracted mass chro-
matograms from full scan recording with a m/z  window of 0.05 u.
The quantification m/z values for all target compounds are listed
in Table 1. Quantification m/z values for PFSAs and PFPAs of the
same carbon chain length were identical; however, the respec-
tive compounds were baseline separated in the HPLC system. Only
the linear isomer was quantified for all compounds except for
PFOA and PFOS, which additionally showed quantifiable concentra-
tions of branched isomers in the water sample extracts. For these
two  compounds the linear isomer (lin) and sum of branched iso-
mers (br) were quantified separately. Lin-PFOS and br-PFOS were
quantified using the relative response factors (relative to the IS)
of lin-PFOS and br-PFOS, respectively, obtained from the calibra-
tion standard (mixture of 78.8% lin-PFOS and 21.2% br-PFOS). The
relative response factor of lin-PFOA (purely linear reference stan-
dard) was applied for quantification of both lin-PFOA and br-PFOA.
Concentrations of PFCAs and PFSAs in the water samples were
calculated using the internal standard method employing nine

isotopically mass-labeled PFCAs and PFSAs as IS (Table 1). Concen-
trations of PFPAs were calculated using an external matrix-matched
and extracted reference standard for each sample (see Sections 2.2
and 2.4).
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. Results and discussion

.1. Elimination of blank contamination

Procedural and instrumental blank contamination is a major
hallenge in most of the laboratories performing trace analy-
is of PFAAs. Possible sources of instrumental and procedural
lank contamination as well as techniques for reducing the con-
amination have been described [25,26]. In the present study, a
rapping column was installed between the mobile phase mix-
ng chamber and injector in the HPLC instrument to reduce the
nstrumental background contamination. Fluoropolymer parts of
he instrument were not exchanged. After installing the trapping
olumn, background signals of PFCAs, PFSAs, or PFPAs were not
bserved in solvent blank injections. Procedural blank contamina-
ion was reduced by avoiding the use of fluoropolymer materials
n the lab during sample preparation and extraction and by rigor-
usly rinsing all equipment with methanol before use. Very low
evels of procedural blank contamination, leading to a slightly ele-
ated MDL  and MLQ  for PFOA, were occasionally observed (see
ection 3.5). However, the blank contamination was negligible
ompared to quantified PFOA concentrations in tap water sam-
les.

.2. Optimization of the instrumental method

In the present study QToF-HRMS was chosen as detector for
he following three reasons. (1) It is very selective in single stage

S due to the high mass resolution (here operated at a resolu-
ion of 10,000 fwhm), and thus the inherent ion intensity loss in

ultiple stage MS  can be avoided [27]. Mass accuracy data of the
RMS instrument for all analytes in a tap water extract are given

n Table S1 in the supplementary data. (2) The high acquisition
peed of the QToF instrument allows for data acquisition in full
can mode resulting in chromatograms that contain information
n co-extracted matrix constituents. (3) Response factors of dif-
erent structural isomers of PFAAs vary much less in single stage

S compared to tandem MS  [28–30],  making the quantification of
n unknown pattern of branched isomers of a given PFAA more
eliable.

PFPAs suffer from a relatively low detector response in MS  com-
ared to PFOS [22]. Enhanced Duty Cycle (EDC) was  therefore used
o increase the sensitivity for PFPAs. With selection of m/z 499
the pseudomolecular ion of PFOPA) as target mass for EDC, an
ncrease in sensitivity was obtained not only for PFOPA (+350%)
ut also for PFHxPA (+338%) and PFDPA (+43%). In addition, the
hromatographic separation and detector response of PFPAs was
ptimized. In optimization of the chromatographic conditions four
istinct columns (Ace3 C18, Advanced Chromatography Technolo-
ies, Aberdeen, Scotland; Eclipse plus C18 and Zorbax Extend C18,
gilent; Acquity UPLC BEH C18, Waters) were tested and mobile
hases containing methanol, acetonitrile, and water at pH values
etween 3 and 11 (using formic acid and ammonium hydroxide,
espectively) in the presence of 2 mM ammonium acetate were
sed. This did not give satisfactory results for PFPAs. However,
ddition of 1-MP as an ion-pairing agent to the mobile phase,
esulting in a pH between 10 and 11, considerably improved both
he chromatographic resolution and the instrumental response of
FPAs, and the baseline noise in the chromatogram was  suppressed
Figs. 1 and 2). The Zorbax Extend C18 HPLC column was chosen
ecause it is specially designed for applications at high pHs and

xcellent peak shapes for PFPAs were obtained. Additionally, also
he PFCAs and PFSAs showed a distinctive sensitivity increase in
he presence of 1-MP, which was especially pronounced for short
hain compounds (Fig. 2).
Fig. 1. Extracted HPLC/HRMS mass chromatograms of PFPAs (25 pg on column) with
and without 1-MP in the mobile phase. A shorter retention time was observed for
PFDPA in the presence of 1-MP.

3.3. Use of 1-methyl piperidine in HPLC/MS

In the present study, the use of 1-MP in the mobile phase
was  the key to highly sensitive analysis of PFPAs. The increase
in sensitivity was based on (i) better chromatographic resolution
resulting in sharper peaks, (ii) suppressed baseline noise (Fig. 1),
and (iii) better detector response (Fig. 2). A drawback of 1-MP
in the eluent is the resulting high pH, which may lead to deple-
tion of the stationary phase of a silica-based column. However,
earlier studies demonstrated that the solubility of silica supports
at a pH around 11 is surprisingly low in certain buffers based
on organic amines such as 1-MP, triethyl amine, and pyrrolidine
[31]. In the present study 1-MP and triethyl amine were tested,
both showing similar results. 1-MP was finally chosen because
it has been reported that methanol-modified buffers at pH 11
made with 1-MP showed better column stability compared to
buffers made with triethyl amine or potassium phosphate [32].
In HPLC 1-MP presumably acts in two  ways. As an ion-pairing
agent it masks the negative charges of the phosphonate group lead-
ing to an increase in the retention of PFPAs on a C18 stationary
phase through hydrophobic interaction. Furthermore, the (proto-
nated) amine group of 1-MP may sorb to negative charges on the
silica surface, thus shielding the remaining active sites of the sil-
ica.

A high pH value of the HPLC mobile phase generally favors the
formation of negatively charged ions in MS  detection, leading to
better sensitivity for acidic analytes. The superior effect of 1-MP
on the MS  response for the PFAAs (compared to e.g. ammonium
hydroxide at the same pH) is probably attributable to the low escap-
ing force, or fugacity, of the (protonated) 1-MP in the shrinking
electrospray droplets. The ammonium ion would be depleted from
the droplets through volatilization of ammonia, therewith driv-
ing the deprotonation of ammonium even further. In contrast, the
concentration of 1-MP in the shrinking droplet remains unaltered,
or even increases. Hence, the pH increasing effect of 1-MP likely
remains up to the point when the droplets burst due to electrostatic
repulsion.

3.4. Optimization of extraction

In the initial phase of method development, 500 mL  of deion-
ized Milli-Q water from a water purification unit (Millipore AB,
Solna, Sweden) were spiked with different concentrations of native
PFPAs, PFCAs, and PFSAs. However, compared to tap water sam-
ples, lower recoveries were achieved for the extraction of the target
compounds from Milli-Q water due to the absence of ions. Addi-

tionally, considerable levels of PFCAs were found to be present in
the Milli-Q water. Therefore, final method optimization and vali-
dation was  performed with aliquots of 500 mL HPLC grade water
to which 50 mg/L NaHCO3 were added in order to mimic the ionic
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Fig. 2. Response enhancement of PFCAs, PFSAs, and PFPAs using 1-MP in the

trength of tap water. During the optimization of sample extrac-
ion, two different SPE cartridges with mixed mode co-polymeric
orbents, CSTHCM506 (C8 + primary amine, 500 mg–6 mL;  UCT)
nd CUQAX256 (C8 + quaternary amine, 500 mg–6 mL;  UCT) were
ested, as well as two ion exchange cartridges, CUPSA156 (N-

 aminoethyl, 500 mg–6 mL;  UCT) and Oasis WAX  (weak anion
xchange, 150 mg–6 mL;  Waters). An aliquot of 500 mL  water sam-
le spiked with PFPAs, PFCAs, and PFSAs was applied to the SPE
artridges. The HPLC water as well as the tap water samples
typical pH around 8) were adjusted with formic acid to pH 7,
s this resulted in better recoveries for most analytes compared
o acidic or basic conditions. Various solvents, solvent mixtures
nd reagents consisting of methanol, acetonitrile, water, ammo-
ia, ammonium acetate, formic acid, and 1-MP were tested for
he washing and elution steps. Good recoveries for PFCAs and
FSAs were obtained with all tested columns; however, only the
UQAX256 column was found to also enrich the PFPAs. The Oasis
AX  cartridge used by D’eon et al. [18] and by de Boer et al. [22]

id not result in satisfactory recoveries for PFPAs in the present
tudy. The quaternary amine function of the CUQAX256 sorbent
ay  be responsible for the efficient retention of the phospho-

ates as well as the short chain PFCAs and PFSAs An elevated
emperature of 60 ◦C of the elution solvent and addition of 1-MP
elped in quantitatively recovering the PFPAs as well as the PFCAs
nd PFSAs from the CUQAX256 cartridge. Also perfluorobutanoate

C4 PFCA) was successfully trapped on the CUQAX256 column
data not shown). This compound was omitted from the complete

ethod due to poor chromatographic resolution in some sample
xtracts.

able 2
ethod detection limit (MDL) and method limit of quantification (MLQ) as well as meth

ange  of the individual MLQs up to 20 ng/L in water (5 data points).

PFPeA PFHxA PFHpA lin-PFOA 

MDL  [ng/L] 0.17 0.12 0.035 0.091 

MLQ  [ng/L] 0.53 0.38 0.12 0.30 

Linear  regression 0.995 0.994 0.999 1.000 

PFBS  PFHxS lin-PFOS b

MDL  [ng/L] 0.028 0.048 0.024 0
MLQ  [ng/L] 0.092 0.16 0.080 0
Linear  regression 0.995 0.999 1.000 n

a, not analyzed.
e phase. A total amount of 25 pg of each compound was injected on column.

3.5. Method validation

Achieved method detection limits (MDLs) and method limits
of quantification (MLQs) are summarized in Table 2. MDLs  were
low, ranging between 0.014 and 0.17 ng/L for the different analytes
including PFPAs. The reported MDLs directly reflect the sample
concentration factor, injection volume and sensitivity of the instru-
ment. Sample concentration factor and injection volume could
easily be increased if lower MDLs were desirable. The MDL  of PFOA
was  slightly elevated due to occasional procedural blank contam-
ination (see Sections 2.2 and 3.1). The MLQs were in the sub ng/L
range for all target compounds. Whole method linearity was eval-
uated with spiked water samples at five different concentrations
between the individual MLQs and 20 ng/L. Excellent r2 values of at
least 0.99 (except for PFDPA with 0.98) were obtained (Table 2). This
showed that extraction and sample processing recoveries were not
concentration dependent.

Inter-day averages of whole method recoveries (n = 3) and coef-
ficients of variation (CVs) for all analytes spiked at 0.5 ng/L and at
5 ng/L to 500 mL  HPLC grade water are given in Table 3. Recov-
eries for PFCAs and PFSAs were good (≥60%) except for the long
chain compounds. Recoveries of 45–60% for PFUnDA, PFDoDA, and
PFDS were considered satisfactory given the low water solubility
of these compounds, which promotes the tendency to partition to
boundary layers or to adsorb to vessel walls [30]. The recoveries

of the mass-labeled IS of PFCAs and PFSAs spiked to the European
tap water samples (results not shown) agreed well with the val-
ues for the native compounds determined for spiked HPLC water.
The CVs showed good precision of the method except for the lower

od linearity (r2 values) for PFCAs, PFSAs, and PFPAs over the spike concentration

br-PFOA PFNA PFDA PFUnDA PFDoDA

0.089 0.040 0.027 0.13 0.14
0.30 0.13 0.090 0.43 0.45
na 0.999 1.000 1.000 0.991

r-PFOS PFDS PFHxPA PFOPA PFDPA

.052 0.014 0.17 0.095 0.16

.17 0.045 0.52 0.32 0.51
a 0.996 0.989 0.997 0.982
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Table  3
Individual inter-day average recoveries (n = 3) and coefficient of variation (CV) for PFCAs, PFSAs, and PFPAs spiked at 0.5 ng/L and at 5 ng/L to 500 mL  HPLC grade water.

PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA

Recovery 0.5 ng/L [%] 72 96 87 97 84 64 60 56
CV  [%] 13 15 14 12 2 3 9 5
Recovery 5 ng/L [%] 84 86 89 82 86 64 52 45
CV  [%] 7 8 10 14 10 8 8 15

PFBS PFHxS PFOS PFDS PFHxPA PFOPA PFDPA

Recovery 0.5 ng/L [%] 77 64 60 55 53 56 40
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surface water for the production of drinking water. These results
could therefore indicate that the drinking water purification may
not be able to efficiently remove PFOPA. The present study together
with the results reported by de Boer et al. [22] showed for the first
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piking level of PFDS, again due to the challenges with long chain
FAAs described here above. PFPAs spiked to HPLC grade water
howed recoveries of 33–65%. However, these values were not rep-
esentative for PFPA extraction from tap water. Calculated whole
ethod recoveries of PFPAs from spiked tap water samples were

lmost consequently above 100% and up to 300% (Table 4). This is
ost probably due to a matrix effect from co-extracted compounds,

nhancing the ionization of PFPAs in electrospray ionization in neg-
tive ion mode. It is not known why this effect was observed for all
FPAs but not for the other PFAAs. The effect seemed to be slightly
ore pronounced at the 0.5 ng/L spiking level compared to 5 ng/L.
owever, the whole method linearity was good even for PFPAs

Table 2), confirming that the matrix effect was independent of the
FPA concentration within the investigated concentration range. To
ompensate for this effect, matrix-matched and extracted external
tandards for each of the European tap water samples were used
or quantification in the present study. The average recoveries and
Vs of these spiked and extracted samples are given in Table 4. They
how that the ionization enhancement effect is commonly present
n tap water extracts with a similar magnitude in all samples. Since
he present study targeted a first screening of PFPAs in European
ap water, and only very low levels below the MLQ  for PFOPA were
ound in two  samples (see Section 3.6), the matrix effect was  not
urther investigated or eliminated. On the contrary, the effect was
xploited to achieve very low MDLs for PFPAs.

Accuracy of results for PFPAs was secured by using matrix-
atched external calibration standards as described in Sections 2.2

nd 2.4,  and here above. This procedure is time consuming and for
uture work the use of isotopically mass-labeled PFPAs as IS to mit-
gate matrix effects is recommended. However, such standards are
urrently not available. Accuracy of results of the present method
or PFCAs and PFSAs was investigated by analyzing a bulk water
ample that had previously been used in an ILS [24]. Results are
iven in Table S2 in the supplementary data. The concentrations
btained with the present method are in agreement with median
alues from the ILS (relative deviations of 3–83%, Table S2), given

he large relative standard deviations of the results reported in
he ILS (35–160%, Table S2)  and thus the high uncertainty of cur-
ent methods for trace level analysis of PFAAs in water samples
30].

able 4
ecoveries of PFPAs spiked to 500 mL  Stockholm tap water at two different con-
entrations (single analysis) and average recoveries and coefficient of variation (CV)
rom the European tap water samples.

PFHxPA PFOPA PFDPA

Stockholm tap water
Recovery at 0.5 ng/L [%] 292 297 249
Recovery at 5 ng/L [%] 202 234 181
European tap water samples
Average recovery (n = 7) at 2 ng/L [%] 285 225 152
CV  [%] 32 33 27
25 5 18 43
50 57 65 33
15 20 21 1

3.6. European tap water samples

The present method was  successfully applied to analyze PFAAs
in tap water samples from seven research institutes situated in six
European countries (Fig. S1 in the supplementary data). Extracted
mass chromatograms of PFSAs, PFCAs, and spiked PFPAs (0.5 ng/L)
from the tap water sample from Stockholm University, Sweden,
are shown in Fig. 3. The results for all samples are summarized
in Table 5 and in Fig. S2 in the supplementary data. PFPAs were
not detected in any tap water sample apart from PFOPA in the two
samples collected in Amsterdam. The PFOPA concentrations in the
Amsterdam samples were close to the MDL  of 0.095 ng/L. PFOPA has
also been determined to be approximately 1 ng/L in a surface water
sample from the same region [22]. Amsterdam municipality uses
1311975
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Fig. 3. Extracted HPLC/HRMS mass chromatograms of (A) PFSAs, (B) PFCAs, and (C)
spiked (0.5 ng/L) PFPAs in a tap water sample from Stockholm University, Sweden.
The signals of PFNA and PFDA in (B) are enlarged by a factor of 10 for better visibility.
For quantified concentrations of PFCAs and PFSAs see Table 5.
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Table 5
Concentrations of PFAAs in seven tap water samples collected from six European cities. For PFOA and PFOS the percentage of the linear isomer and sum of branched isomers
(%  lin/br) is additionally given.

Sampling location Concentrations of PFCAs [ng/L]

PFPeA PFHxA PFHpA PFOA (% lin/br) PFNA PFDA PFUnDA PFDoDA

SUa ndh 2.86 1.09 6.18 (92/8) 0.433 0.506 nd <MLQ
IESb <MLQi 2.10 1.19 4.92 (90/10) 0.522 0.612 nd <MLQ
UAc 1.39 3.00 0.996 2.70 (100/0) 0.339 0.182 nd <MLQ
UvAd 0.734 3.06 1.47 8.56 (80/20) <MLQ <MLQ nd <MLQ
VUe 2.69 5.15 1.91 5.66 (65/35) <MLQ <MLQ nd <MLQ
NILUf <MLQ 0.806 0.434 2.20 (100/0) <MLQ 0.094 <MLQ <MLQ
FIg <MLQ <MLQ <MLQ 0.302 (100/0) <MLQ <MLQ nd <MLQ

Sampling location Concentrations of PFSAs and PFPAs [ng/L]

PFBS PFHxS PFOS (% lin/br) PFDS PFHxPA PFOPA PFDPA

SUa 0.955 2.50 8.81 (68/32) <MLQ nd nd nd
IESb 0.502 1.15 6.92 (74/26) <MLQ nd nd nd
UAc 2.94 0.909 2.71 (62/38) 0.074 nd nd nd
UvAd 7.61 0.556 0.861 (62/38) 0.045 nd <MLQ nd
VUe 18.8 1.34 0.397 (58/42) <MLQ nd <MLQ nd
NILUf <MLQ <MLQ 0.573 (70/30) 0.195 nd nd nd
FIg 0.092 <MLQ 0.847 (71/29) <MLQ nd nd nd

a SU: Stockholm University, Sweden.
b IES: Institute for Environment and Sustainability, Ispra, Italy.
c UA: University of Antwerp, Belgium.
d UvA: University of Amsterdam, The Netherlands.
e VU: VU University, Amsterdam, The Netherlands.
f NILU: Norwegian Institute for Air Research, Tromsø, Norway.

t
a
A
D
n

P
P
(
F
d
t
p
m
t
d
a
P
t
a
a
I
s
a
I
a
m
s

4

i
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g FI: Fraunhofer Institute, Schmallenberg, Germany.
h nd: not detected (for method detection limits see Table 2).
i <MLQ: detected but below the method limit of quantification (Table 2).

ime the presence of PFOPA in the European aquatic environment
t concentrations similar to those in surface waters in Canada [18].
dditionally, this very low level of PFOPA was detected only in the
utch samples in the present study, indicating that PFPA contami-
ation of European drinking water is currently not of concern.

Among the PFCAs and PFSAs highest levels were found for
FBS (18.8 ng/L) in the sample from VU University, Amsterdam, for
FOA (8.56 ng/L) in University of Amsterdam water, and for PFOS
8.81 ng/L) in tap water from Stockholm University (Table 5 and
ig. S2).  The highest level of PFBS in Amsterdam was in accor-
ance with the concentration found in tap water collected from
he same area [13]. Also the second sample from Amsterdam in the
resent study showed an elevated level of PFBS (7.61 ng/L). This
ay  be indicative of a current PFBS source close to Amsterdam, of

he increasing use of this chemical after the phase out of the pro-
uction of PFOS related compounds by the 3 M company in 2002,
nd of the high water solubility of short chain PFAAs. In general,
FOA and PFHxA were the dominant contaminants in the analyzed
ap water samples, with concentrations above 2 ng/L in all but one
nd all but two samples, respectively. These two compounds have
lso been found to be widely distributed in European rivers [33].
n addition to the compounds shown in Table 5 perfluorooctane
ulfonamide was also analyzed in the tap water, but only found at

 quantifiable concentration of 0.73 ng/L in the sample from Ispra,
taly. The concentrations determined in the present study for PFCAs
nd PFSAs in the Italian sample are in good agreement with earlier
onitoring data from six tap water samples originating from the

ame region [16].

. Conclusions

This is the first study to describe the use of 1-methyl piperidine

n HPLC/QToF-HRMS analysis of PFAAs resulting in significantly
etter chromatographic resolution (especially for PFPAs) and

ncreased detector response for all PFAAs due to improved ioniza-
ion efficiency. The developed method was successfully applied to

[

[

analyze a suite of 15 PFAAs (among them PFPAs for the first time)
in European tap water samples. Contamination of European drink-
ing water with PFPAs seems currently not to be a major problem.
On the other hand, PFBS levels of up to 19 ng/L in tap water raise
concern for the ongoing use of this PFOS substitute.

Acknowledgements

The authors gratefully acknowledge the scientists who collected
the water samples. We  thank Wellington for the donation of iso-
topically labeled standards and the European Union for funding
through the PERFOOD project (KBBE-227525).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chroma.2011.07.005.

References

[1] E. Kissa, Fluorinated Surfactants and Repellents , 2nd ed., Marcel Dekker, New
York, 2001.

[2] J.M. Conder, R.A. Hoke, W.W.  De, M.H. Russell, R.C. Buck, Environ. Sci. Technol.
42 (2008) 995.

[3] G.L. Kennedy Jr., J.L. Butenhoff, G.W. Olsen, J.C. O’Connor, A.M. Seacat, R.G.
Perkins, L.B. Biegel, S.R. Murphy, D.G. Farrar, Crit. Rev. Toxicol. 34 (2004) 351.

[4]  C. Lau, J.R. Thibodeaux, R.G. Hanson, J.M. Rogers, B.E. Grey, M.E. Stanton, J.L.
Butenhoff, L.A. Stevenson, Toxicol. Sci. 74 (2003) 382.

[5] M.F. Simcik, J. Environ. Monit. 7 (2005) 759.
[6] N. Yamashita, K. Kannan, S. Taniyasu, Y. Horii, G. Petrick, T. Gamo, Mar. Pollut.

Bull. 51 (2005) 658.
[7] B.O. Clarke, S.R. Smith, Environ. Int. 37 (2011) 226.
[8] J.L. Barber, U. Berger, C. Chaemfa, S. Huber, A. Jahnke, C. Temme, K.C. Jones, J.

Environ. Monit. 9 (2007) 530.
[9] J.P. Giesy, K. Kannan, Environ. Sci. Technol. 35 (2001) 1339.

10] K. Kannan, S. Corsolini, J. Falandysz, G. Fillmann, K.S. Kumar, B.G. Loganathan,

M.A. Mohd, J. Olivero, N. Van Wouwe, J.H. Yang, K.M. Aldous, Environ. Sci.
Technol. 38 (2004) 4489.

11] J. Armitage, I.T. Cousins, R.C. Buck, K. Prevedouros, M.H. Russell, M.  MacLeod,
S.H.  Korzeniowski, Environ. Sci. Technol. 40 (2006) 6969.

http://dx.doi.org/10.1016/j.chroma.2011.07.005


ogr. A 

[

[

[
[
[
[

[

[
[
[
[

[

[

[

[

[

[

[

[

S. Ullah et al. / J. Chromat

12]  J.M. Armitage, U. Schenker, M.  Scheringer, J.W. Martin, M.  MacLeod, I.T. Cousins,
Environ. Sci. Technol. 43 (2009) 9274.

13] C. Eschauzier, E. Beerendonk, P. Scholte-Veenendaal, P. de Voogt, Impact of
treatment processes on the removal of perfluoroalkyl acids from the drinking
water production chain, Environ. Sci. Technol., under re-review.

14] R. Vestergren, I.T. Cousins, Environ. Sci. Technol. 43 (2009) 5565.
15] D. Skutlarek, M. Exner, H. Färber, Environ. Sci. Pollut. Res. 13 (2006) 299.
16] R. Loos, J. Wollgast, T. Huber, G. Hanke, Anal. Bioanal. Chem. 387 (2007) 1469.
17]  S. Takagi, F. Adachi, K. Miyano, Y. Koizumi, H. Tanaka, M.  Mimura, I. Watanabe,

S.  Tanabe, K. Kannan, Chemosphere 72 (2008) 1409.
18] J.C. D’eon, P.W. Crozier, V.I. Furdui, E.J. Reiner, E.L. Libelo, S.A. Mabury, Environ.

Toxicol. Chem. 28 (2009) 2101.
19] www.masonsurfactants.com,  last accessed 12 March 2011.
20] P.H. Howard, D.C. Muir, Environ. Sci. Technol. 44 (2010) 2277.

21]  www.well-labs.com/pdfs/perfluoro%20reference%20guide 28sept2009.pdf.
22] J. de Boer, X. Esparza, S.P.J. van Leeuwen, E. Moyano, M.T. Galceran, Proceed-

ings  of the 30th International Symposium on Halogenated Persistent Organic
Pollutants (Dioxin 2010), San Antonio, USA, 2010.

23] J.C. D’eon, S.A. Mabury, Environ. Toxicol. Chem. 29 (2010) 1319.

[

[
[

1218 (2011) 6388– 6395 6395

24] S. van Leeuwen, M.P. Strub, W.  Cofino, G. Lindström, B. van Bavel, Report R-
11/04, IVM Institute for Environmental Studies, VU University Amsterdam, The
Netherlands, 2011.

25] N. Yamashita, K. Kannan, S. Taniyasu, Y. Horii, T. Okazawa, G. Petrick, T. Gamo,
Environ. Sci. Technol. 38 (2004) 5522.

26] A. Lloyd, V.A. Bailey, S.J. Hird, A. Routledge, D.B. Clarke, Rapid Commun. Mass
Spectrom. 23 (2009) 2923.

27] U. Berger, I. Langlois, M. Oehme, R. Kallenborn, Eur. J. Mass Spectrom. 10 (2004)
579.

28] G. Arsenault, B. Chittim, A. McAlees, R. McCrindle, N. Riddell, B. Yeo, Chemo-
sphere 70 (2008) 616.

29] N. Riddell, G. Arsenault, J.P. Benskin, B. Chittim, J.W. Martin, A. McAlees, R.
McCrindle, Environ. Sci. Technol. 43 (2009) 7902.

30] U. Berger, M.A. Kaiser, A. Kärrman, J.L. Barber, S.P.J. van Leeuwen, Anal. Bioanal.
Chem. 400 (2011) 1625 (trend article).
31] J.J. Kirkland, J.W. Henderson, J.J. DeStefano, M.A. van Straten, H.A. Claessens, J.
Chromatogr. A 762 (1997) 97.

32] J.J. Kirkland, M.A. van Straten, H.A. Claessens, J. Chromatogr. A 797 (1998) 111.
33] M.S. McLachlan, K.E. Holmstrom, M.  Reth, U. Berger, Environ. Sci. Technol. 41

(2007) 7260.

http://www.masonsurfactants.com/


1 
 

Supplementary Data 

 

Simultaneous determination of perfluoroalkyl phosphonates, carboxylates, and 

sulfonates in drinking water 

 

Shahid Ullah, Tomas Alsberg, Urs Berger* 

 

Department of Applied Environmental Science (ITM), Stockholm University, SE-10691 

Stockholm, Sweden 

 

* Corresponding author phone, +46 8 674 7099; fax, +46 8 674 7636; e-mail, 

urs.berger@itm.su.se 

 

 

Table S1. QToF-HRMS accurate mass measurements of PFAAs in a tap water extract. Results 

for endogenous PFCAs and PFSAs are given. PFPAs were fortified at 2 ng/L before extraction. 

Analyte Theoretical m/z Acquired m/z Deviation [ppm] 

PFPeA 218.985 218.985 0.0 

PFHxA 268.982 268.983 3.7 

PFHpA 318.979 318.979 0.0 

PFOA 368.976 368.976 0.0 

PFNA 418.972 418.973 0.2 

PFDA 468.969 468.973 8.5 

PFUnDA 518.966 518.964 3.9 

PFDoDA 568.963 568.961 3.5 

PFBS 298.942 298.944 6.7 

PFHxS 398.936 398.938 5.0 

PFOS 498.930 498.932 4.0 

PFDS 598.923 598.924 1.7 

PFHxPA 398.946 398.944 5.0 

PFOPA 498.939 498.937 4.0 

PFDPA 598.933 598.932 1.7 
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Table S2. Comparison of analytical results for PFAAs in a surface water sample between the 

present method (single analysis) and the median of an interlaboratory comparison study (ILS) 

performed in 2009 ([24] in the manuscript). The relative deviation between the two sets of results 

is given as well as the relative standard deviation (RSD) of the results from the ILS. Only 

analytes for which at least 9 labs reported a value in the ILS are included. 

 
PFPeA PFHxA PFHpA PFOA PFNA PFDA PFBS PFHxS PFOS 

ILS median [ng/L] 4.50 9.00 3.66 17.2 0.94 0.95 8.50 24.9 73.4 

Present method [ng/L] 8.0 16.5 4.6 22.0 1.4 1.3 6.3 35.6 71.0 

Rel. deviation [%] +78 +83 +26 +28 +49 +37 -26 +43 -3 

RSD ILS [%] 51 36 36 49 37 160 61 35 46 

 

 

 

Figure S1. Sampling sites for screening of PFAAs in seven tap water samples from six European 

countries. 1) Stockholm University, Sweden; 2) Institute for Environment and Sustainability, 

Ispra, Italy; 3) University of Antwerp, Belgium; 4) University of Amsterdam, The Netherlands; 

5) VU University, Amsterdam, The Netherlands; 6) Norwegian Institute for Air Research, 

Tromsø, Norway; 7) Fraunhofer Institute, Schmallenberg, Germany. 
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Figure S2. Concentration of PFAAs in tap water collected from different European research 

institutes. 
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Abstract 

A sensitive and accurate method was developed and validated for simultaneous analysis of 

perfluoroalkyl carboxylic acids (PFCAs), sulfonic acids (PFSAs), and phosphonic acids (PFPAs) 

at low pg g
-1

 concentrations in a variety of food matrices. The method was based on extraction 

with acetonitrile:water and clean-up on a mixed mode co-polymeric sorbent (C8 + quaternary 

amine) using solid phase extraction. High performance liquid chromatographic separation was 

achieved on a C18 column using a mobile phase gradient containing 5 mM 1-methyl piperidine 

for optimal chromatographic resolution of PFPAs. A quadrupole time-of-flight high resolution 

mass spectrometer operated in negative ion mode was used as detector. Method detection limits 

were in the range of 0.002 to 0.02 ng g
-1

 for all analytes. Sample preparation (extraction and 

clean-up) recoveries at a spiking level of 0.1 ng g
-1

 to a baby food composite were in the range of 

59 to 98%. A strong matrix effect was observed in the analysis of PFPAs in food extracts, which 

was tentatively assigned to sorption of PFPAs to the injector vial in the solvent based calibration 

standard. The method was successfully applied to a range of different food matrices including 

duplicate diet samples, vegetables, meat, and fish samples. 

 

Keywords: PFCAs, PFSAs, PFPAs, food samples, HPLC, HRMS 
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Introduction 

Perfluoroalkyl carboxylic acids (PFCAs), sulfonic acids (PFSAs), and phosphonic acids 

(PFPAs), together referred to as perfluoroalkyl acids (PFAAs), are used in a wide range of 

consumer products and industrial applications, due to their inertness and exceptional surface 

tension lowering potential 
1
. Applications include additives in fire-fighting foams, defoaming 

additives, adhesives, cosmetics, cleaners, coatings, paints and electronics as well as the 

production process of fluoropolymers. PFAAs consist of a fully fluorinated carbon chain of 

varying chain length and an acidic functional group, such as a carboxylic, sulfonic, or 

phosphonic acid. Some PFAAs, such as perfluorooctanoic acid (PFOA), have been manufactured 

for the last 60 years 
2, 3

 and are today globally distributed in wildlife 
4
 and in humans 

5
. 

Perfluorooctane sulfonic acid (PFOS) has recently been classified as a persistent, 

bioaccumulative and toxic substance under Annex B of the Stockholm convention 
6
. Compared 

to PFSAs and PFCAs relatively little is known about the environmental occurrence and fate of 

PFPAs. A few studies have reported the presence of perfluorooctyl phosphonic acid (PFOPA) in 

surface water, drinking water and waste water treatment plant effluents
 7, 8, 9

. However, the 

analytical methods for this class of PFAAs are not yet well developed. 

 

Studies on the toxicology of PFAAs 
10-13 

have led to concern among scientists and regulators 

regarding the pervasive exposure of the general population to these compounds 
5
. However, 

despite a decade of intense research, the relative importance of different human exposure 

pathways for PFAAs is still debated. Several studies have suggested that food intake is the 

predominant current exposure pathway for PFOS and PFOA 
14

. Food items can be contaminated 

through environmental accumulation 
15

, through food processing, or via migration from surface 

treated food contact materials 
16-18

. PFCAs and PFSAs have been detected in food from various 

countries 
19-23

, though quantification of PFAAs in food remains challenging and levels may 

previously have been overestimated 
23

. Only one study has been published so far about the 

occurrence of PFPAs in food items, investigating canned fish and milk 
22

. The study indicated 

that there may be low levels of PFPAs in fish products. More sensitive and reliable analytical 

methods are needed to accurately quantify the low levels of a broad range of PFAAs including 

PFPAs occurring in food, which is a prerequisite for a proper risk assessment and management. 

In the present study a multi-chemical method based on high performance liquid chromatography 

coupled to quadrupole time-of-flight high resolution mass spectrometry (HPLC/QToF-HRMS) 
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was developed and validated for the simultaneous quantification of PFCAs, PFSAs, and PFPAs 

in a wide variety of food matrices. 

 

Experimental section 

Chemicals and reagents 

Details of all analytical standard chemicals used in this study are given in Table S-1 in the 

Supporting Information (SI). All standard chemicals were purchased or obtained as a gift from 

Wellington Laboratories (Guelph, Ontario, Canada). Native compounds were obtained as 

mixture solutions of the acids of PFCAs, as mixture solutions of potassium or sodium salts of 

PFSAs and as solutions of the di-acids of PFPAs. Additionally, stable isotope mass-labeled 

compounds of seven PFCAs and two PFSAs were employed as internal standards (IS) and 
13

C4-

mass-labeled PFOA and PFOS were used as recovery internal standards (RIS). Acronyms for 

mass-labeled compounds start with the letter M (Table S1 in the SI). All reference standards 

were linear compounds, apart from native PFOS, which was a mixture of 78.8% of the linear 

isomer (lin-PFOS) and 21.2% sum of branched isomers (br-PFOS). The origin, purity, and 

acronyms of other chemicals, reagents and solvents are given in Table S-2 in the SI. 

 

Samples and test matrices 

A composite baby food homogenate, which was found to be free from detectable levels of 

PFAAs, was selected as sample matrix for method development and validation. Eleven jars of 

baby food from three different suppliers were homogenized in a commercial kitchen mixer. The 

samples were selected to represent a variety of different food items. The detailed composition of 

the homogenate is given in Table S-3 in the SI. The fish fillet (carp) and pig liver samples used 

for accuracy and inter-method comparability testing were obtained within a worldwide inter-

laboratory comparison study (ILS) on analysis of low level naturally contaminated samples. The 

ILS was organized in autumn 2011 by the Free University of Amsterdam, the Netherlands 

(results not yet published). In the method applicability testing, vegetable and meat samples 

purchased within the European Union funded PERFOOD project (KBBE-227525) in 

supermarkets in Norway, Belgium and the Czech Republic as well as two fish fillet samples, 

carp (Stizostedion lucioperca, from the Netherlands) and ilish/hilsa (tenualosa ilisha, from 

Bangladesh) were analyzed. The duplicate diet samples originated from an earlier study 

performed in Germany 
24

. 
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Extraction and clean-up 

All laboratory materials were rinsed with methanol before use and fluoropolymer parts were 

avoided in the lab to minimize procedural blank contamination. At least one procedural blank 

sample without any sample matrix was extracted together with each batch of samples. For 

sample extraction, 5 g (wet weight) homogenized food sample was placed into a 50 mL 

polypropylene centrifugation tube and spiked with 5 µL of a methanol solution containing 0.2 ng 

µL
-1

 each of the mass-labeled PFCAs and PFSAs as IS (Table S-1 in the SI). For each sample, a 

second aliquot of 5 g was spiked with 5 µL of a methanol solution containing 0.2 ng µL
-1

 each of 

the native PFPAs and extracted along with the first aliquot. The extract of the PFPA spiked 

sample served as matrix-matched and extracted calibration standard for PFPA quantification (see 

also sections ‘Instrumental analysis and quantification’ and ‘Method validation experiments’). 

Extraction was performed with 6 mL acetonitrile:water (90:10) by vortex-mixing for 1 min 

followed by ultra-sonication for 15 min at room temperature. After centrifugation for 5 min at 

3000 rpm the supernatant was transferred to a 14 mL polypropylene tube. The extraction was 

repeated with 5 mL acetonitrile and the combined extract was concentrated to 3 mL under a 

gentle stream of dry nitrogen at 40 ºC prior to solid phase extraction (SPE) clean-up. A 

CUQAX256 SPE cartridge (mixed mode C8 + quaternary amine, 500 mg – 6 mL; United 

Chemical Technologies, UCT, Bristol, PA) was rinsed and conditioned with 3 mL methanol 

containing 0.1% 1-methyl piperidine (1-MP) and 3 mL pure methanol followed by 1 mL water. 

The concentrated sample extract was loaded and the cartridge was rinsed with 2 mL of 

methanol:MTBE (95:5) containing 2% formic acid followed by 1 mL pure methanol (all 

discarded). The analytes were subsequently eluted with 8 mL of methanol:acetonitrile (60:40) 

containing 2% 1-MP. The extract was evaporated to incipient dryness under nitrogen at 40 ºC. A 

volume of 100 µL methanol was added containing 10 pg µL
-1

 each of 
13

C4-PFOA and PFOS as 

RIS and the residues were dissolved by sonication for 5 min. A volume of 100 µL water was 

added and the final extract was vortex mixed and transferred to a 1.5 mL Eppendorf tube and 

kept in the refrigerator at 4 ºC. At the day of analysis the extract was allowed to warm to room 

temperature, micro-centrifuged at 10,000 rpm for 10 min and the clear solution was transferred 

to a polypropylene autoinjector vial for instrumental analysis. 
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Instrumental analysis and quantification 

The instrumental method used in the present study is a modification of a method described in 

detail elsewhere 
8
. A short description including modifications is given here. Sample extracts 

were analyzed by HPLC/HRMS using an Acquity Ultra Performance LC system (Waters, 

Milford, MA) with a “PFC isolator column” (Waters “PFC kit”) installed upstream of the 

injector. The analytes were separated on a BEH C18 reversed phase column (50×2.1 mm, 1.7 μm 

particles, Waters) at a temperature of 40 ºC. Separation was achieved by gradient elution using a 

mobile phase A (water:acetonitrile 95:5) and a mobile phase B (methanol:acetonitrile:water 

75:20:5) with 2 mM ammonium acetate and 5 mM 1-MP in both A and B. The injection volume 

was 5 µL and the flow rate was 110 µL min
-1

. The gradient profile started with 10% B (hold time 

0.3 min) and continued with a 0.7 min linear change to 20% B, a 0.5 min linear change to 50% 

B, a 10.5 min linear change to 75% B, and a 0.5 min linear change to 100% B (hold time 3.5 

min). Initial conditions were regained at 16.2 min followed by equilibration until 21 min. 

 

The mass spectrometer was a quadrupole time-of-flight QToF Premier HRMS instrument 

(Micromass, Manchester, UK). Electrospray ionization in negative ion mode was employed, and 

data acquisition was performed in full scan mode (m/z 75-780) utilizing three parallel scan 

functions for PFCAs, PFSAs, and PFPAs. In the PFPA scan function Enhanced Duty Cycle 

(EDC) was used with a centre mass of m/z 499 (PFOPA). Instrumental parameter settings are 

given in Table S-1 in the SI. Quantification was performed using extracted mass chromatograms 

with a m/z window of 0.05 u. Only the linear isomers were quantified except for PFOS, which 

showed quantifiable concentrations of branched isomers in some food sample extracts. For this 

compound the linear isomer (lin) and sum of branched isomers (br) were quantified separately. 

Lin-PFOS and br-PFOS were quantified using the relative response factors obtained from the 

calibration standard (mixture of 78.8% lin-PFOS and 21.2% br-PFOS). Concentrations of PFCAs 

and PFSAs in the food samples were calculated using the internal standard method (Table S-1 in 

the SI). Quantified values for PFBA and PFOA were blank corrected. Concentrations of PFPAs 

were calculated using an external matrix-matched and extracted reference standard for each 

sample (see section ‘Extraction and clean-up’). All concentration values for PFAAs in food 

samples are given on a food wet weight basis. 
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Method validation experiments 

For method development and validation, 5 g aliquots of the baby food composite sample were 

spiked with all native PFAAs and extracted as described in the ‘Extraction and clean-up’ section. 

The complete method was validated by determining the instrumental and procedural blank 

contamination, method detection limits (MDLs) and method limits of quantification (MLQs), 

matrix effects and sorption of analytes to the injection vials, absolute recoveries, whole method 

linearity, precision, accuracy, inter-method comparability, and method applicability. All method 

validation experiments are described in detail in the SI including Table S-4, except for blank 

control, inter-method comparability, and method applicability which are described in the 

‘Results and discussion’ section below. 

 

Results and discussion 

Optimization of the instrumental method 

The instrumental method used in the present study is a modification of a method described in 

detail elsewhere 
8
. The main modification was the use of the BEH C18 separation column. This 

column is specifically designed for applications at a high back pressure and a high pH, which 

allowed for the use of 1-MP in the mobile phase. The advantages of using 1-MP as modifier in 

the mobile phase for analysis of PFAAs in general and especially for PFPAs are described 

elsewhere 
8
. Applying the BEH C18 column resulted in excellent peak shapes for PFPAs, 

PFSAs, and PFCAs at a relatively low column temperature of 40 ºC, which was chosen in order 

to minimize the depletion of the stationary phase. With the HPLC method used in the present 

study the total run time could be shortened by 4 min compared to the original method 
8
. 

Representative chromatograms of the PFAAs spiked at 0.06 or 0.02 ng g
-1

 to the baby food 

homogenate are shown in Figure 1. 

 

In the present study QToF-HRMS was chosen for detection. One of the main advantages of 

HRMS over tandem MS is the high selectivity in single stage MS due to the high mass resolution 

(here operated at 10,000 fwhm). Using single stage HRMS avoids the inherent ion intensity loss 

in multiple stage MS 
25

. Additionally, response factors of different structural isomers of PFAAs 

vary much less in single stage MS compared to tandem MS 
26, 27

, making the quantification of 

branched isomers more reliable. 
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Figure 1. Extracted high resolution mass chromatograms of (A) PFPAs spiked at 0.06 ng g
-1

 to baby 

food, (B) PFSAs spiked at 0.02 ng g
-1

 to baby food, and (C) PFCAs spiked at 0.02 ng g
-1

 to baby food. 

The signals for PFPeA and PFHxA are elongated 3 times for better visualization. The signals for PFBA 

and PFOA are influenced by contribution from procedural blank contamination. 
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Optimization of sample preparation 

The aim of the optimization of the extraction and clean-up procedure was to obtain a high sample 

to extract concentration factor in order to achieve low MDLs and MLQs for all PFAAs. The high 

concentration factor should, however, not lead to significant matrix effects in ionization, nor 

compromise recoveries of the target analytes. Solid-liquid extraction was found to be highly 

efficient for virtually any sample matrix. Addition of 10% water to the acetonitrile in the first 

extraction step increased the extraction recoveries of the short chain PFAAs from water-free 

matrices, while using pure acetonitrile in the second step ensured efficient extraction of the long 

chain analytes. Two different mixed mode SPE materials were tested for clean-up. These were 

CSTHCM506 (C8 + primary amine, 500 mg – 6 mL) and CUQAX256 (C8 + quaternary amine, 

500 mg – 6 mL), both obtained from UCT. Only the CUQAX256 cartridge yielded quantitative 

recoveries for PFPAs as well as for the whole range of investigated chain lengths of PFCAs and 

PFSAs. The optimized SPE clean-up procedure showed excellent clean-up efficiency for PFCA, 

PFSA, and PFPA analysis. 

 

Method validation 

Blank contamination control 

Measures taken to elucidate the sources of and to reduce instrumental and procedural blank 

contamination are described in detail elsewhere 
8, 23

. Despite these measures, consistent, low 

levels of procedural blank contamination with PFBA and PFOA originating from the SPE 

cartridges and solvents (acetonitrile and methanol) were observed. This contamination could not 

be avoided entirely. 

 

Method detection limits and limits of quantification 

Compound specific MDLs and MLQs are summarized in Table 1. For PFBA and PFOA the 

procedural blank contamination led to slightly elevated MDLs and MLQs. Nevertheless, the 

MDLs for the present method, ranging between 1.8 and 20 pg g
-1

 for all analytes including 

PFPAs, are among the lowest reported so far 
21-23, 28

. Achieving even lower MDLs by e.g. 

increasing the sample concentration factor, the injection volume, or by using a more sensitive 

instrument might be possible. However, procedural blank contamination and/or matrix effects 

would ultimately constrain reliable quantification. 
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Table 1. Typical method detection limits (MDLs) and method limits of quantification (MLQs) 

determined with native PFAAs spiked at 10 and 30 pg g
-1

 to baby food. 

PFCAs 

 
PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA 

MDL (pg g
-1

) 20 10 6.3 4.3 7.2 2.1 1.8 5.4 6.2 

MLQ (pg g
-1

) 66 33 21 14 24 7.0 6.0 18 20 

PFSAs and PFPAs 

 
PFBS PFHxS PFOS PFDS 

 
PFHxPA PFOPA PFDPA   

MDL (pg g
-1

) 4.5 2.7 2.3 2.2 
 

17 5.5 6.0   

MLQ (pg g
-1

) 15 9.0 7.7 7.3 
 

57 18 20   
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Recoveries and investigation of sorption and matrix effects 

Absolute method recoveries for all PFAAs at two spiking levels to baby food were initially 

calculated using a solvent based external calibration standard (see SI). Results are given in 

Figure 2A. Recoveries determined in this way for PFDS and PFPAs significantly exceeded 100% 

(up to 300%). We have earlier reported similar recoveries for PFPAs extracted from drinking 

water samples 
8
. In the earlier study we hypothesized that the abnormally high recoveries were 

the result of ionization enhancement of the PFPAs by co-extracted and co-eluting matrix 

constituents. In the present study, however, we additionally suspect sorption of PFDS and PFPAs 

to the polypropylene injection vials in the solvent based calibration standard to contribute to the 

overestimation of absolute recoveries. PFPAs are expected to sorb strongly to sediment via 

electrostatic interactions of the di-anionic group with multivalent cations 
7
. In our previous 

8
 as 

well as in the present study PFPAs were also found to sorb strongly to different SPE materials. 

 

In the initial recovery experiments the whole suite of IS was spiked to the final extracts as RIS 

for volume correction (see SI). This corrected for potential sorption or ionization effects, given 

that the effects were the same for the analyte and its employed RIS. This was not the case for 

PFDS and PFPAs, which lacked mass-labeled analogues. These effects were thus investigated 

for all PFAAs using the set of experiments (I-IV) described in Table S-4. Comparison of the 

instrumental responses of the PFAAs in (I) and (II) revealed the effect of 1-MP on 

sorption/desorption of the analytes to/from the injection vial. An effect of typically 10-30% 

higher signal area was observed in the presence of 1-MP for the PFCAs and PFSA. For the 

PFPAs the results are shown with the left (blue) bars in Figure 2B. A very strong effect was 

obtained for PFHxPA with 140% signal increase in the presence of 1-MP. Small signal 

enhancements were also observed for PFOPA and PFDPA. 
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Figure 2. Investigation of recoveries, matrix effects and sorption of analytes to the injection vial. (A) 

Whole method recoveries with inter-day variations (n = 3, standard deviation shown) of PFAAs spiked at 

0.1 and 0.8 ng g
-1

 to the baby food sample, calculated versus an external calibration standard in pure 

solvent. (B) Response enhancement for PFPAs in the presence of 5% 1-MP and sample matrix in the 

injection solution. (C) Whole method recoveries (n = 3, standard deviation shown) of PFAAs spiked at 

0.1 ng g
-1

 to the baby food sample, calculated versus a matrix-matched external calibration standard. 
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Matrix effects (on sorption/desorption and/or on ionization efficiency) were assessed by 

comparison of the instrumental responses in (II) and (III). Typically 20-40% lower signal areas 

were found in the matrix-matched standard (III) compared to the solvent based standard (II) for 

the PFCAs and PFSAs. We assume this to be due to ionization suppression of PFCAs and PFSAs 

by co-eluting matrix constituents. For PFPAs, on the other hand, a strong enhancement of signal 

response was obtained in the matrix-matched standard (III) compared to (II), as shown with the 

middle (red) bars in Figure 2B. This could theoretically be due to ionization enhancement, as 

hypothesized earlier for drinking water extracts 
8
. However, we now believe that it is rather a 

result of further desorption of PFPAs from the injection vial due to competition for sorption sites 

with matrix constituents. Our reasoning is the following: 1) PFPA are strongly sorptive 

chemicals (see above); 2) a matrix response enhancement is observed for all PFPAs eluting at 

different retention times from the HPLC column (Figure 1), but not for any of the investigated 

PFCAs or PFSAs; 3) a similar matrix response enhancement was observed for PFPAs extracted 

from drinking water samples 
8
 containing a different matrix than the baby food sample. 

Ionization enhancement is, however, expected to be dependent on the type of matrix, while 

competition for sorption sites is a less specific process; 4) For PFHxPA sorption could be largely 

mitigated by 1-MP and only a small matrix effect was additionally observed, while it was vice 

versa for PFOPA and PFDPA. This is an indication for a similar mode of action of 1-MP and the 

matrix. Further sorption experiments of PFAAs in different solvent compositions and different 

types of vials are described in the SI including Table S-5. Overall, polyethylene vials and 

methanol:water (1:1) as injection solvent gave the best results (see SI). 

 

The overall effect of matrix and 1-MP was investigated by comparison of the PFAA responses in 

(I) and (III). For PFCAs and PFSAs the sorption effect (10-30% signal increase) and the matrix 

suppression (20-40% signal decrease) basically neutralized each other. For the initial recovery 

calculations (Figure 2A) this means that even without normalization to the whole suite of IS 

(used as RIS), good estimations of the true extraction and clean-up recoveries would have been 

made. Only for PFDS the sorption effect significantly exceeded the ionization suppression, thus 

leading to an overestimation of recovery (Figure 2A). Contrarily, for PFPAs the presence of both 

1-MP and matrix led to a signal enhancement, resulting in the overall effect shown with the right 

(light green) bars in Figure 2B, which qualitatively explains the calculated recoveries for PFPAs 

in Figure 2A. 
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Finally, the true sample preparation recoveries (extraction and clean-up) were calculated from 

the PFAA signal differences in (III) and (IV). In this experiment (III) served as a matrix-matched 

external calibration standard. Compound specific recoveries are given in Figure 2C. They ranged 

between 59 and 98% for all analytes, demonstrating the suitability of the extraction procedure 

and the employed SPE clean-up step for the whole range of investigated PFAAs. 

 

Whole method linearity 

The whole method linearity for PFCAs, PFSAs, and PFPAs was evaluated over the range of 

expected concentrations of PFAAs in different food items. Excellent R
2
 values ≥0.99 were 

obtained for all analytes (Table S-6), indicating that the recoveries were not concentration 

dependent within the investigated concentration range. 

 

Precision and accuracy 

Precision experiments are described in the SI and results are given in Figure 2A and Table S-6. 

Calculated CVs were ≤5% for 8 and 13 target analytes (out of 16) at the 0.1 ng g
-1

 and 0.8 ng g
-1

 

spiking level, respectively. CVs >11% (up to 22%) were observed in 5 experiments (out of 32, 

i.e. 16 analytes at 2 spiking levels) for the analytes which had no IS analogue of their own as 

well as for PFBA and PFOA at the lower spiking level suffering from procedural blank 

contribution. This demonstrates the importance of using authentic IS for quantification and of 

controlling the procedural blanks for reliable analysis of PFAAs. 

 

Accuracy experiments are described in the SI and results are given for PFCAs and PFSAs in 

Tables S-7 and for PFPAs in Table S-8. Quantified concentrations for PFCAs and PFSAs were in 

the range of 0.02 to 0.25 ng g
-1

 with the exception of PFOS in the fish fillet at around 2 ng g
-1

. 

All results of the present method showed satisfactory agreement with the assigned values (Z 

scores <2) 
29, 30

 and 11 out of 12 quantified values even had a Z score <1 (Table S-7). This 

demonstrates the excellent accuracy of the present method for analysis of PFCAs and PFSAs at 

low levels in complex matrices. The results of accuracy testing for PFPAs (Table S-8) revealed a 

consistent overestimation of the spiked concentrations (0.1 ng g
-1

) for all PFPAs with 20 to 25%. 

This is due to the higher spiking level (0.8 ng g
-1

) of the matrix-matched and extracted external 

calibration standard (see concentration dependence of the matrix effect on sorption in Figure 
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2A). We chose to use a higher concentration for the extracted standard compared to the spiked 

samples, as this reflected the real situation in quantification of PFPAs using the here proposed 

method. If PFPAs are to be quantified in a sample, the sample aliquot serving as calibration 

standard has to be spiked at higher concentrations than the endogenous levels to avoid a large 

uncertainty in the total concentration (spiked and endogenous) of the standard. However, as long 

as isotopically mass-labeled PFPAs are not available, using a sample specific matrix-matched 

and extracted calibration standard is the most accurate approach for routine PFPA quantification 

in complex matrices. 

 

Inter-method comparability 

To evaluate inter-method comparability, the carp fillet sample from the ILS was analyzed in 

duplicate by the method presented here as well as by a completely independent method 

developed in our laboratory 
23

. A Total of 9 PFAAs (PFHxA, PFHpA, PFOA, PFNA, PFDA, 

PFUnDA, PFDoDA, PFHxS, and PFOS) were quantified by both methods (Figure 3). Excellent 

agreement between the two sets of results was obtained.  
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Figure 3. Comparison of quantified concentrations for 9 PFAAs in a fish fillet sample using two 

independent analytical methods. The following analytes were quantified: PFHxA (∆), PFHpA (∎), PFOA 

(‐), PFNA (○), PFDA (●), PFUnDA (×), PFDoDA (∗), PFHxS (+), PFOS (⟡). The solid lines represent 

the linear regressions for all data points (left) or all except PFOS (right) and the dashed lines represent a 

1:1 agreement. 
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Method applicability 

The present method was successfully applied to analyze the PFAAs at trace levels in duplicate 

diet samples, five different vegetables, meat (including liver), and fish samples. This 

demonstrates the broad applicability range of the method to food samples of varying 

compositions in terms of water, fat, protein, and fiber content. PFPAs were not detected in any of 

the analyzed food samples, indicating that PFPA contamination of food in Europe may currently 

not be of concern. However, the samples analyzed in this study were not chosen to be 

representative for all possible food categories or for certain geographical regions. A more 

comprehensive monitoring would be needed to assess human dietary exposure to PFPAs. 

 

Results for PFCAs and PFSAs in the analyzed food samples are summarized in Table 2. Using 

the present method the detection frequency for the 13 investigated PFCAs and PFSAs was 46% 

in the duplicate diet samples, 49% in vegetables, 64% in meat, and 77% in fish. Most of the 

detected concentrations were below the respective MLQs of 7 to 20 pg g
-1

, and could thus only 

be estimated semi-quantitatively. This confirms earlier reports of low pg g
-1

 levels of PFCAs and 

PFSAs in food 
21, 23, 28

. Quantifiable concentrations of several PFAAs were found in pig liver and 

fish, as well as in three duplicate diet samples. In most of the duplicate diet samples, all 

vegetables, and the muscle meat samples only PFOS was found above the MLQ. The highest 

level of PFOS (1.8 ng g
-1

) was quantified in the fish collected from the Netherlands, as compared 

to 13 pg g
-1

 found in the fish originating from Bangladesh. 
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Table 2. Quantified (>MLQ bold) and estimated (between MDL and MLQ in parentheses) 

concentrations (pg g
-1

) of PFCAs and PFSAs in different food matrices. 

 PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFBS PFHxS PFOS 

(lin/br) 

PFDS 

Duplicate diet
a
             

10 samples 

(range 

given) 

nd nd (4)- 

29 

nd- 

21 

nd- 

(16) 

nd- 

10 

nd- 

(4) 

nd- 

(7) 

nd nd- 

(7) 

(2)- 

(5) 

(3)-84 

(64/36-

85/15) 

nd- 

20 

Vegetables             

Potato nd
b
 nd (8) nd (9) (2) nd nd nd nd (2) (3) nd 

Bean nd (5) (15) (5) nd nd (1) nd nd (2) (3) (5) nd 

Spinach nd nd nd (8) nd nd (2) nd nd nd (3) 15 nd 

Asparagus nd (21) nd nd nd nd (3) (2) nd nd (2) 6.9 nd 

Lettuce nd (6) (14) (5) (11) (5) (3) (4) (6) (4) (3) 12 nd 

Meat              

Bovine nd nd (14) (4) (11) (6) (4) (10) nd (3) (3) 25 nd 

Chicken nd nd (9) (4) (16) (6) (3) (9) nd nd (2) (6) nd 

Pig liver nd nd 31 nd 39 21 16 15 35 nd (7) 182 
(77/23) 

nd 

Fish              

Carp nd nd (11) (6) 25 23 108 43 37 nd 46 1840 
(78/22) 

(5) 

Ilish/Hilsa Int
c
 (6) (14) (6) 30 13 11 (12) nd nd (4) 13 (4) 

a
 Detailed results for the individual duplicate diet samples are given elsewhere 

23
 

b
 nd: not detected 

c
 int: not determinable due to interference 
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Only a handful of analytical methods are published so far that are able to detect and quantify 

PFAAs in food items at low pg g
-1

 concentrations. One of these methods included PFPAs in fish 

and milk analysis 
22

. However, the method has not been tested for any other food matrices. 

Another recently developed method 
28

 included 14 PFCAs and PFSAs and reported detection 

limits that were comparable to the MDLs obtained in the present method. Nevertheless, the 

detection frequency of PFAAs in fish, meat, bread, vegetables, fruits, cheese, and oil from the 

Dutch market was low in this study 
28

 compared to the food screening results in the present 

study. This may be due to lower levels in the samples analyzed by Ballesteros-Gómez and co-

workers. In our opinion, however, a more plausible explanation is that the reported MDLs were 

underestimated, as they were calculated from instrumental detection limits determined with 

solvent based standards. The recently published methods by Haug et al.
21

 and Vestergren et al.
23

 

both achieved MDLs and MLQs that were comparable or for some compounds even lower than 

the values reported in the present study. Both these methods reported a correspondingly high 

detection frequency of the investigated PFCAs and PFSAs in various food items. However, none 

of these two methods included PFPAs and the method by Haug and co-workers did not perform 

well for the long chain PFCAs in some of the tested matrices. In conclusion, we present here the 

first fully validated analytical method for simultaneous analysis of PFCAs, PFSAs, and PFPAs at 

low pg g
-1

 concentrations in a wide variety of food samples. The method is quick and accurate 

and thus well suited for routine monitoring of PFAAs in human diet. 
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Table S-1. Acronyms of analytical standard compounds used in this study and selected 

instrumental parameters for quantification of each compound
a
. 

Compound name Acronym 
Counter 

ion 

Quantification 

mass [m/z] 

Cone 

voltage [V] 

Scan 

function 

Native standards 
   

Perfluoro-n-butanoate PFBA H
+
 168.98 20 1 

Perfluoro-n-pentanoate PFPeA H
+
 218.98 20 1 

Perfluoro-n-hexanoate PFHxA H
+
 268.98 20 1 

Perfluoro-n-heptanoate PFHpA H
+
 318.97 20 1 

Perfluoro-n-octanoate PFOA H
+
 368.97 20 1 

Perfluoro-n-nonanoate PFNA H
+
 418.97 20 1 

Perfluoro-n-decanoate PFDA H
+
 468.96 20 1 

Perfluoro-n-undecanoate PFUnDA H
+
 518.96 20 1 

Perfluoro-n-dodecanoate PFDoDA H
+
 568.96 20 1 

Perfluoro-n-butane sulfonate PFBS K
+
 298.94 50 3 

Perfluro-n-hexane sulfonate PFHxS Na
+
 398.93 50 3 

Perfluorooctane sulfonate (isomer mixture 

with 78.8% linear PFOS) 
PFOS K

+
 498.93 50 3 

Perfluoro-n-decane sulfonate PFDS Na
+
 598.92 50 3 

Perfluoro-n-hexyl phosphonate PFHxPA 2 H
+
 398.94 50 2

b
 

Perfluoro-n-octyl phosphonate PFOPA 2 H
+
 498.93 50 2

b
 

Perfluoro-n-decyl phosphonate PFDPA 2 H
+
 598.93 50 2

b
 

Surrogate internal standards (IS) 
   

13
C4-Perfluoro-n-butanoate MPFBA H

+
 171.98 20 1 

1,2-
13

C2-Perfluoro-n-hexanoate MPFHxA
c
 H

+
 269.99 20 1 

13
C8-Perfluoro-n-octanoate M8PFOA

c
 H

+
 375.98 20 1 

13
C9-Perfluoro-n-nonanoate M9PFNA H

+
 426.98 20 1 

1,2,3,4,5,6-
13

C6-Perfluoro-n-decanoate M6PFDA H
+
 473.98 20 1 

1,2,3,4,5,6,7-
13

C7-Perfluoro-n-undecanoate M7PFUnDA H
+
 524.97 20 1 

1,2-
13

C2-Perfluoro-n-dodecanoate MPFDoDA H
+
 569.97 20 1 

18
O2-Perfluoro-n-hexane sulfonate MPFHxS

c
 Na

+
 402.93 50 3 

13
C8-Perfluoro-n-octane sulfonate M8PFOS

c
 Na

+
 506.93 50 3 

Recovery internal (volume) standards (RIS) 
   

1,2,3,4-
13

C4-Perfluoro-n-octanoate M4PFOA H
+
 371.98 20 1 

1,2,3,4-
13

C4-Perfluoro-n-octane sulfonate M4PFOS Na
+
 502.93 50 3 

a
 The following general parameters were applied: Capillary voltage, 3.0 kV; collision energy, 5 eV; source 

temperature, 100 ºC; desolvation temperature, 400 ºC; nitrogen desolvation gas flow, 800 L h
-1

. A 0.1 ng µL
-1

 

solution of sulfadimethoxine in methanol was infused via the LockSpray utility for real-time mass scale correction. 
b
 Enhanced Duty Cycle (EDC) at a centre mass of m/z 499 (PFOPA) was used in function 2. 

c
 Additionally, MPFHxA was used as internal standard for PFPeA, M8PFOA for PFHpA, MPFHxS for PFBS, and 

M8PFOS was used as internal standard for PFDS.  
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Table S-2. Origin, purity, and acronyms of chemicals, reagents, and solvents. 

 
Origin Purity

a
 Acronym 

1-Methyl piperidine 
Merck Eurolab, Stockholm, 

Sweden  
1-MP 

Formic acid Fluka, Buchs, Switzerland 
  

Ammonium acetate Merck, Darmstadt, Germany 
  

Methyl-tert-butyl ether 
Rathburn Chemicals Ltd, 

Walkerburn, Scotland  
MTBE 

Methanol Merck, Darmstadt, Germany LiChrosolv grade 
 

Acetonitrile 
Sigma-Aldrich, Stockholm, 

Sweden 
Chromasolv grade 

 

Water 
VWR International, Stockholm, 

Sweden 
HPLC Chromanorm grade 

 
a
 All chemicals, reagents and solvents were used as received. 

 

 

Table S-3. Food portions included in the baby food homogenate. 

Date of purchase Baby food meal Amount [g] 

2009-09-22 Potatoes and corn 220 

2009-09-22 Pasta Napoli 220 

2009-09-22 Cauliflower and potatoes 190 

2009-09-22 Vegetables and beef 190 

2009-09-22 Fish stew 250 

2009-09-22 Potatoes with salmon and herbs 190 

2009-09-22 Beef stew, vegetables and rice 200 

2009-09-22 Potatoes and ham 200 

2009-09-22 Tropic fruit mix 200 

2009-09-22 Spaghetti Bolognese 200 

2009-09-22 Pasta with chicken 250 
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Method validation experiments and selected results 

Method detection limits and method limits of quantification 

MDLs and MLQs were determined in the chromatograms obtained from samples fortified with 

0.01 and 0.03 ng g
-1

 of all native analytes. MDLs and MLQs were defined at a signal-to-noise 

ratio of 3 and 10, respectively. For PFBA and PFOA, which showed a consistent minor 

procedural blank contamination, the MDL and MLQ were defined as 3 and 10 times the signal in 

the blank chromatogram. MDLs and MLQs are given and discussed in the main document. 

Recoveries and sorption effects 

Individual absolute compound recoveries were initially determined in triplicates on three 

different days from fortified baby food homogenates using a solvent based (methanol:water 1:1) 

external calibration standard for recovery calculation. Spike concentrations were 0.1 ng g
-1

 as 

well as 0.8 ng g
-1

 for all native PFCAs, PFSAs, and PFPAs. The mass-labeled IS were spiked to 

the final extracts as RIS for volume correction (M8PFOS was used for PFDS and the PFPAs). 

The recovery experiments revealed strong matrix effects for PFDS and PFPAs (see main 

document). Therefore, potential matrix effects on ionization and on sorption of the analytes to 

the injection vials in the solvent based calibration standard (in the absence of matrix) as well as 

true extraction recoveries were investigated for all PFAAs using the experimental setup 

described in Table S-4. Results are given and discussed in the main document. 

 

Table S-4. Experimental design for assessing extraction recoveries for PFAAs and the effect of 

1-MP and sample matrix on sorption of PFAAs to the injection vials. 

Experiment Solvent or 

sample extract 

Concentration of native PFAAs 

I Methanol:water (1:1) 2.5 ng mL
-1

 

II Methanol:water (1:1) with 5% 1-MP 2.5 ng mL
-1

 

III
a
 

Sample extract in methanol:water 

(1:1) with 5% 1-MP 
2.5 ng mL

-1
 spiked to sample extract 

IV
a
 

Sample extract in methanol:water 

(1:1) with 5% 1-MP 

0.1 ng g
-1

 spiked to baby food before extraction, 

corresponding to 2.5 ng mL
-1

 in the final extract 

assuming 100% extraction recovery 

a
 Experiments III and IV were performed in triplicates. 

  



S-5 
 

Furthermore, for all analytes sorption to different types of injection vials was investigated. 

Solutions of 5 ng mL
-1

 in methanol or in methanol:water (1:1) all containing 5% 1-MP were 

prepared and filled in polypropylene (PP), polyethylene (PE), and glass autoinjector vials. The 

vials were allowed to equilibrate overnight and the PFAAs in the vials were subsequently 

quantified by HPLC/QToF-HRMS analysis. Normalized signal areas (relative to the highest area 

observed and set to 100% for each PFAA) are given in Table S-5. The strongest sorption was 

observed for all analytes in the glass vials, while sorption of short chain PFAAs and of PFPAs 

from a pure methanol solution to the PP vial was considerably stronger than from a 

methanol:water (1:1) solution. Best results were obtained for the methanol:water (1:1) solution in 

the PE vial. 

 

Table S-5. Sorption effects of PFCAs, PFSAs, and PFPAs tested in different solvents in 

polypropylene (PP), polyethylene (PE), and glass vials. 

 Normalized signal areas [%] for PFCAs 

 PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA 

Methanol in PP 

vial 

49 63 63 57 100 100 100 100 96 

Methanol:water 

(1:1) in PP vial 

100 80 82 78 71 72 67 73 72 

Methanol:water 

(1:1) in PE vial 

97 100 100 100 81 94 91 95 100 

Methanol:water 

(1:1) in glass vial 

33 31 30 21 18 16 13 11 11 

 Normalized signal areas [%] for PFSAs and PFPAs 

 PFBS PFHxS PFOS PFDS PFHxPA PFOPA PFDPA   

Methanol in PP 

vial 

55 66 100 100 47 32 53   

Methanol:water 

(1:1) in PP vial 

74 80 82 75 79 85 100   

Methanol:water 

(1:1) in PE vial 

100 100 100 87 100 100 91   

Methanol:water 

(1:1) in glass vial 

25 17 13 9 48 40 37   
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Whole method linearity 

Whole method linearity was assessed for all analytes over a spike concentration range from the 

individual MLQs up to 1.2 ng g
-1

 baby food (6 data points). R
2
 values of linear regression of the 

signal areas obtained from analysis of the extracts versus the spike concentration are presented in 

Table S-6 and discussed in the main document. 

Precision 

Precision is expressed as the coefficients of variation (CVs) of the initial inter-day triplicate 

determinations of recoveries (see above). CVs for the 0.1 ng g
-1

 and the 0.8 ng g
-1

 spiking 

experiments are also given in Table S-6 and discussed in the main document. 

 

Table S-6. R
2
 values for all PFAAs from whole method linearity tests and coefficients of 

variation (CVs) from inter-day precision tests at two different spike concentrations to the baby 

food homogenate. 

PFCAs  PFSAs and PFPAs 

Analyte R
2
 CVs [%] 

 
Analyte R

2
 CVs [%] 

0.1 ng g
-1

 0.8 ng g
-1

  0.1 ng g
-1

 0.8 ng g
-1

 

PFBA 0.9958 17 2  PFBS 0.9976 4 2 

PFPeA 0.9954 3 2  PFHxS 0.9975 3 1 

PFHxA 0.9973 11 5  PFOS 0.9973 5 3 

PFHpA 0.9993 3 5  PFDS 0.9964 17 21 

PFOA 0.9986 14 3  
    

PFNA 0.9979 3 2  PFHxPA 0.9909 22 2 

PFDA 0.9986 2 5  PFOPA 0.9953 11 2 

PFUnDA 0.9984 5 11  PFDPA 0.9997 10 8 

PFDoDA 0.9861 7 3  
    

 

Accuracy 

A certified reference material for PFAAs in food is not available. Accuracy of the method for 

PFCAs and PFSAs was thus evaluated by participation in a worldwide inter-laboratory 

comparison study (ILS) on analysis of low level naturally contaminated fish fillet (carp) and pig 

liver. The ILS was organized in autumn 2011 by the Free University of Amsterdam, the 

Netherlands (results not yet published). A total of 31 laboratories participated in the ILS 
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including our lab. Accuracy of the present method was evaluated by comparison of the 

quantified PFCA and PFSA concentrations with the assigned values from the ILS using statistics 

(Z scores) described by Cofino and Wells (references 
29, 30

 in the main document). Results are 

summarized in Table S-7 and discussed in the main document. Accuracy in PFPA analysis was 

tested by triplicate quantification of fortified (0.1 ng g
-1

) baby food samples using a matrix-

matched and extracted external calibration standard for all PFPAs (see sections ‘Extraction and 

clean-up’ and ‘Instrumental analysis and quantification’ in the main document). The matrix-

matched and extracted standard was obtained from a spiking concentration of 0.8 ng g
-1

 PFPAs 

to baby food. Results are given in Table S-8 and discussed in the main document. 

 

Table S-7. Accuracy data for PFCAs and PFSAs obtained from participation in a worldwide 

inter-laboratory comparison study (ILS) on analysis of carp fillet and pig liver. Accuracy of the 

present method is expressed as Z scores. 

Analyte 

Fish fillet (carp)  Pig liver 

 

Assigned 

value [ng g
-1

] 

Our value 

[ng g
-1

] 
Z score 

 

 

Assigned 

value [ng g
-1

] 

Our value 

[ng g
-1

] 
Z score 

PFHpA 
    

 
 

0.07 0.072 0.2 

PFOA 
 

0.07 0.059 -0.4  
    

PFNA 
 

0.02 0.036 0.7  
 

0.08 0.122 1.8 

PFDA 
 

0.10 0.115 0.8  
 

0.08 0.096 0.8 

PFUnDA 
 

0.06 0.069 0.6  
    

PFDoDA 
 

0.04 0.046 0.4  
    

PFHxS 
 

0.04 0.046 0.1  
 

0.07 0.075 0.3 

PFOS 
 

2.10 1.84 -0.9  
 

0.24 0.247 0.2 

 

Table S-8. Accuracy data for PFPAs spiked at 0.1 ng g
-1

 to the baby food sample (triplicate 

analyses at three different days) and quantified using a matrix-matched and extracted calibration 

standard at a spike level of 0.8 ng g
-1

. The coefficients of variation (CVs) of the triplicate 

analyses are also given. 

 
Theoretical 

value [ng g
-1

] 

Average (n=3) 

quantified 

value [ng g
-1

] 

CV [%] 

PFHxPA 0.100 0.123 18 

PFOPA 0.100 0.120 7 

PFDPA 0.100 0.125 10 
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