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Abstract Perfluorinated compounds (PFCs) have been
recognised as emerging pollutants of global relevance. A
fully automated method with inline solid-phase extraction
coupled to electrospray ionisation liquid chromatography-
tandem mass spectrometry (SPE-LC-MS/MS) is presented
and used for characterisation of soil adsorption and
desorption for six PFCs: perfluoroheptanoic acid (PFHpA),
perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluorobutane
sulphonate (PFBS), and perfluorooctane sulphonate
(PFOS). The method reduces sample turnaround time and
solvent consumption and is suitable for low volume
sampling. The only sample preparation necessary for water
samples was sedimentation by centrifugation. The method
has a total runtime of 21 min including inline sample
cleanup (2 min for injection and SPE, 14 min for the
chromatographic separation, 5 min for reconditioning).
Negative AP-ESI with selective reaction monitoring
(SRM) was used and the method was documented for
quantification of the six environmentally important PFCs in
subsoil matrix and related aqueous matrixes (groundwater
and drainage water). Linearity was demonstrated in the
range 5 to 2,500 ng/l and the LODwas between 2 and 8 ng/l in

groundwater. Adsorption was characterised by linear Freund-
lich isotherms for all six compounds in two agricultural top
soils (A horizon, sandy and clayey soil).Variability in sorption
characteristics for soil types as well as compound properties
were found, and correlation between the organic carbon
normalised sorption coefficient (KOC) and PFC molecular
weight was demonstrated. The Kd values were in the range
0.1 to 33 (l/kg), and 0.3 to 65 (l/kg) for sorption and
desorption respectively.

Keywords Fluorinated hydrocarbons . Inline SPE tandem
mass spectrometry . Fluorochemical FC

Introduction

Reports on widespread occurrences of perfluorocom-
pounds (PFCs) in the environment have caused concern.
Even though many aspects of toxicology and distribution
in biota, sea and surface waters have been addressed in
studies and reviews [1–10], there is only limited knowl-
edge on the presence and fate of these compounds in the
subsoil environment. The lack of quick and sensitive
methods for quantitative analysis of these compounds in
the soil and groundwater has been a barrier for the
generation of knowledge on the comprehensive fate
characterisation of PFCs.

In general, the PFCs are considered to be anthropogenic
[11], and these fluorinated compounds are used in numerous
industrial and domestic products and in may 2009 perfluor-
ooctane sulphonate (PFOS) and salts was added to the
persistent organic pollutants (POPs) listing of the Stockholm
convention [12]. The overall structure of PFCs is a
hydrophobic, perfluorinated aliphatic carbon chain which at
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one terminal contains a more hydrophilic functional group,
e.g. a simple sulphuric acid, a carboxylic acid, an alcohol or
more complex derivatives hereof. The length and branching
of the carbon chain is variable, and numerous PFC structures
can be synthesised. The formation of poly- and perfluori-
nated acids from biodegradation of fluorotelomer alcohol has
been demonstrated [13], a conceptual model for the
formation of PFC from microbial degradation of a
fluorotelomer polymer has been published [14] and the
Organization for Economic Co-operation and Develop-
ment (OECD) has made a list of more than 200
perfluorinated compounds and groups of compounds,
which all potentially can degrade to either the perfluori-
nated sulphuric acid or the perfluorinated carboxylic acid
[15]. Due to the multitude of structures, a considerable
span in effects and parameters related to fate (bioavail-
ability, transport, sorption characteristics, etc.) is antici-
pated, e.g. bioconcentration and bioaccumulation of some
perfluorinated acids, have been correlated with the length
of each compound’s fluorinated carbon chain [8]. The
multitude of compound characteristics also represents a
challenge, when developing analytical methods for PFCs.

Due to the widespread use and concerns, there is a need
for knowledge on the ‘typical’ compound PFOS as well as
other PFCs in the total environment, including soil and
groundwater. The global distribution of PFCs in the
environment and occurrences of point sources, have been
documented [6, 16], and a mass balance model and aspects
of global fate and transport pathways have been published
[17]. Worldwide PFCs, primarily perfluorooctane sulpho-
nate and perfluorooctanoic acid, but more recently also
precursors like fluorotelomers, have been found in both
urban and more remote areas. PFCs have also been detected
in numerous matrixes, e.g. in human and animal liver,
serum and tissue samples [3, 18–22], rainwater [23],
freshwater [24, 25], seawater, groundwater [16], soils,
sediments, WWPT sludge, and in the atmosphere [3, 6,
17, 26]. The ecotoxicology of the compounds has been
evaluated [27–30], and recently it has been suggested, that
PFOS may be linked to reproductive effects in polar bears
[31], transcriptional effects [32], and may possibly reduce
fecundity in humans [33, 34]. In many countries, surface
water is the source of drinking water and studies on PFC
content in this type of drinking water have been published
[25, 35, 36]. In Denmark, the drinking water supply
originates from ground water, causing an increased concern
for risk of contamination of soil and ground water
resources. This is contrasted by the lack of data on PFCs
in subsoil environments including groundwater.

For assessment, fate characterisation and risk analysis
some basic characteristics of the compound are needed.
Adsorption is a core parameter, but data characterising
adsorption of PFCs on natural soils is scarce. In an early

publication by Higgins et al., it was suggested that some
PFCs may adsorb strongly to solids [37] and a number of
studies have been made for developing strategies and
technologies to remove PFC from sludge and wastewater.
Yet, the identification of suitable treatment methods is still a
challenge [1]. A number of mass balance studies on waste
water treatment plants have been published [38, 39], and
the sorption of some PFCs has been studied on various
matrices, e.g. oil and black carbon [40], soils [41], sludge,
and minerals [37, 40, 42], freshwater sediments and
mudflats [37, 41, 43, 44].

Whereas studies have been carried out on environmental
solid matrices [37, 43, 45–47], adsorption data for PFCs
based on natural soil samples are limited. In a study on the
sorption of 8:2 fluorothelomers in soil, linearity between
the partition constant (Kd) and the fraction of organic
carbon in the soil was described [48]. The company 3M
investigated the sorption of perfluorooctane sulphonate in
different soils, and Kd values between 10 and 35 l/kg were
reported in a report published by 3M [49]. Higgins and
Luthy investigated the partition of several PFCs in the
sediment/freshwater compartment, showing linearity be-
tween the fraction of organic carbon in the sediment, and
the measured partition coefficient [43]. Reported findings
of four perfluorinated surfactants in samples of groundwa-
ter from wells around a fire-training area [50], and levels of
PFOS in municipal wells at or above the state's health-
based value (information obtained from the company
website of 3M, [51]), have revealed the need for clarifica-
tion of possible PFC contamination of soil and groundwa-
ter. Even if data is starting to emerge, there is a need for
extended knowledge for use in risk evaluation and fate
characterisation. To meet these needs, fast and sensitive
analytical methods are required. The use of inline cleanup
and LC-MS/MS can meet this challenge. By linking the
knowledge of laboratory adsorption and fate studies with
real world monitoring, the knowledge needed for assess-
ment can be established.

The availability of liquid chromatography-tandem mass
spectrometry (LC-MS/MS) equipment with inline cleanup
provides an opportunity to improve existing methodologies,
e.g. reduce solvent consumption, turn-over time, and labour
resources. Such fully automated online solid-phase extrac-
tion coupled directly to LC-MS/MS, has been used for
quantification of other xenobiotic substances in aqueous
matrices, e.g. antibiotics and pesticides [52–58].

The purpose of the present study was to generate further
insight into the occurrences and fate of PFCs in the
subsurface environment. This was achieved by (1) devel-
oping a fast and labour-saving solid-phase extraction
coupled to electrospray ionisation liquid chromatography-
tandem mass spectrometry (SPE-LC-MS/MS) method
suitable for the analysis of PFCs in the soil and groundwa-
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ter matrices (2) describing the sorption characteristics of six
PFCs in real soils using the method developed.

Materials and methods

Chemicals and standards

Perfluorobutane sulphonate (PFBS, CAS-RN. 375-73-
5), pentadecafluorooctanoic acid (PFOA, CAS-RN. 335-
67-1), and PFOS (CAS-RN. 1763-23-1), was obtained
from Sigma-Aldrich. Perfluoroheptanoic acid (PFHPA,
CAS-RN. 375-85-9), perfluorononanoic acid (PFNA,
CAS-RN. 375-95-1), and perfluorodecanoic acid
(PFDA, CAS-RN. 335-76-2), was obtained from ABCR
GmbH & Co KG, Karlsruhe Germany. 1H,1H,2H,2H-
perfluorooctane sulphonic acid (THPFOS, CAS-RN.
27619-97-2) was supplied by Apollo Scientific, Chesh-
ire. Ammonium acetate, calcium chloride and high-
performance liquid chromatography (HPLC)-grade sol-
vents (acetonitrile, methanol and ethanol) were purchased
from WVR Bie and Berntsen, Rødovre Denmark. HPLC
water (Type 1 MilliQ water, resistivity >18 mΩ cm,) was
made from tap water treated in a Millipore system
(Billerica, MA). Prior to use, all glassware were soaked
for 24 h in 0.1 M hydrochloric acid, washed with five
volumes of MilliQ water, and baked at 300 °C for 16 h.
Standard stock solutions of individual analytical stand-
ards were prepared at concentration level 5,000 mg/l or
500 mg/l in acetonitrile according to solubility. From
these standard stock solutions, working standards with a
concentration of 100 mg/l where made in acetonitrile.
Standards and mixtures at concentrations lower than
100 mg/l where all made in MilliQ water on a day to day
basis. All standards were kept in the dark at 4 °C until
usage.

Inline cleanup and chromatography

The only sample preparation needed before injection was
the addition of internal standard, sedimentation by centri-
fugation at 10,000×g for 10 min in 2-ml vials, and transfer
of the supernatant to the analytical vial using a finnpipette.
The inline SPE extraction and analysis of the PFCs was
made using a Thermo Scientific Equan LC-MS/MS system
(Thermo Scientific, San Jose, CA). The system was
equipped with two separate pumping systems, one Survey-
or plus LC pump and one Surveyor plus MS pump,
additional an HTC PAL auto sampler and a total of two
six-port valves for automated inline cleanup. Each run
consisted of three steps [52]: (1) injection and SPE loading,
(2) SPE enrichment and (3) SPE column elution, analysis
and detection.

The inline SPE extraction and enrichment was made
using a 2.1×20 mm Hypersil Gold Silica based C18
column with a particle size of 12 μm (Thermo Scientific).
A study on column suitability for PFC analysis has been
published [59], and a C18 stationary phase was found to
provide the highest analytical sensitivity. In agreement with
this finding, the analytically separation in the current
method was made using a 2.1×50 mm Hypersil Gold
Silica based C18 column with a particle size of 3 μm
(Thermo Scientific). The analysis, including inline SPE
cleanup, was carried out using a two-solvent gradient
elution: A, 1 g/l ammonium acetate in MilliQ water and
B, 50:50 methanol:acetonitrile. At injection and SPE
column load, the eluent was 100% A (1 ml/min for
2 min). For SPE elution back flushing of the SPE column
with the analytical gradient was used. Thus at 2 min after
the start of the SPE loading, the analytical gradient started
with a 1.5-min of isocratic run at 55:45, followed by
gradient settings A:B to 5:95 at 11 min, and maintaining
this eluent composition until 14 min returning to starting
conditions 55:45 A:B at 15 min and maintaining this
composition 5 min for reconditioning the analytical column
at 0.3 ml/min The volume injected was 1 ml, and between
each run the SPE column was conditioned by flushing with
eluent B for 2 min at 0.5 ml/min followed by 1 min of
eluent A at 0.5 ml/min.

Mass spectrometry conditions

The mass spectrometric detection was made using a
Finnigan TSQ Quantum Discovery Max from Thermo
scientific. The initial method development, was made using
the build-in syringe pump, injecting a 2-mg/l standard
solution at 10 μl/min into a mobile phase pumped at
0.2 ml/min and consisting of 50:50 MilliQ:methanol. The
mass spectrometric conditions were optimised using the
automated tune utility of Xcalibur™ software. Initially,
spray voltage, stealth gas, auxiliary gas, and tube lens
where optimised in MS mode, giving optimal ionisation of
each of the six compounds for making [M-H]− ions.
Subsequently, the fragmentation of each of the [M-H]−

compounds was optimised, and the most abundant fragment
ion and collision energy was established for the quantitative
method.

The optimised MS and MS/MS conditions were: ion
source polarity, ESI(−); spray voltage, 4000 V; vaporizer
temperature, 275 °C; sheath gas pressure, 50 units;
auxiliary gas pressure, 10 units; scan type, SRM; Q1
and Q3 peak width, 0.5 Da; collision gas pressure, 1.5
units. The MS/MS ion trace, used for each PFC, is
shown in Table 1. The limit of detection (LOD) was
calculated from the standard error (SSt1) of 7 analytical
runs made at the lowest concentration of the calibration
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curve (Eq. 1, t0.995 is the t distribution fractile at
probability 0.995):

LOD ¼ SSt1 � t0:995
b

ð1Þ

The method limit of quantification (LOQ) was calculated
as three times LOD or set equal to the lowest standard in
the calibration curve whichever is the highest (Eq. 2).

LOQ � CSt1 : LOQ � 3 � SSt1 � t0:995
b

ð2Þ

Soils

Soil sampling methods and principle for adsorption
experiments have previously been described [60]. Sorp-
tion characterisation was made using two different soil
types (Table 2), sampled from the B horizon (depth
20–40 cm), at two agricultural field-sites in Denmark
[61]: Jyndevad in Jutland (sandy soil) and Sj. Odde on
Zealand (clay soil). Soil samples were stored at −18 °C
until use, at which point it was homogenised and sieved,
using a 2-mm mesh size. The initial water-content in the
soil was measured by baking 100 g of soil for 24 h at
105 °C, and the water-content was determined to 9.4 and
19.8 w/w% for the sandy and clayey soil respectively.

Adsorption and desorption

Sorption at several concentrations was measured in batch
experiments. Sorption isotherms were estimated using the
Freundlich equation, where KF and nF are the Freundlich
parameters [62, 63]. When the Freundlich constant nF
equals 1, the isotherm is linear and KF equals Kd.

The applied adsorption/desorption procedure was a
modified version of the OECD guideline 106 [62]. For
each soil, sorption isotherms were determined, by measur-
ing the partition at eight initial concentrations, in the
interval 0.02 to 1 μg/l, and the soil sorption coefficient
was estimated using the intercept of the isotherms. At each
concentration level, a control sample without soil was
included. All experiments were carried out using 10-ml
glass centrifuge tubes with aluminium-sealed screw caps.
Two different soil-to-water ratios were used. For PFBS and
PFHPA a soil-to-water ratio of 12:25 was used, and for
PFOS and PFDA a soil-to-water ratio of 3:14 was used,
while both ratios were evaluated for PFOA and PFNA.
Homogenised soil samples of 4.8 or 1.2 g (depending on
the soil-to-water ratio), were transferred to a glass tube and
added 9.0 and 5.0 ml, respectively, of 100 mM of calcium
chloride in MilliQ water. The CaCl2 solution was used as
the aqueous solvent phase to improve centrifugation and
minimise cation exchange [62]. Prior to the spiking
procedure slurries were equilibrated in a head-to-head
shaker for 24 hours at 10 °C, and 30 rpm. After

Table 2 Physical and chemical properties of the soil sampled from the two Danish sites, used for adsorption experiments

Sand Silt Clay Organic C CaCO3 pH Alcbd Fecbd
20–2000μm 2–20μm <2μm
%dw %dw %dw %dw %dw mg/kg mg/kg

Jynnevad 94 1 5 1.00 - 6.1 2632 2729

Sj. Odde 41 22 37 0.42 0.4 7.6 1294 8119

Fecbd and Al cbd is citrate-bicarbonate-dithionite extractable Fe and Al. Relative content is given as percent of dry weight (%dw)

Table 1 Instrument settings and ion traces for MS/MS detection and quantification of the six compounds included in the method

Compound Mw Parent ion Quantification CE Verification fragments
[M-H]− [F]−

g/mole m/z m/z kV m/z

PFBS 300.10 298.94 79.98 36 98.9; 118.8

PFHpA 364.06 362.97 318.99 15 168.7; 118.5

THPFOS 428.17 426.97 406.85 28 212.6; 168.8

PFOA 414.07 412.97 368.85 16 169.1; 218.7

PFNA 464.07 462.96 219.00 21 418.7; 168.9

PFOS 500.13 498.93 98.93 31 279.6; 129.8

PFDA 514.08 512.96 469.03 17 318.9; 218.7

Also, the optimised fragmentation conditions are shown for the compound THPFOS that was initially evaluated for inclusion in the method. In
addition to the primary fragment used for quantification additional fragments suitable for verification is shown
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equilibration, a solution of the PFC compounds in 100 mM
of calcium chloride was added to the slurry (1.0 and 0.6 ml,
respectively). Thus, the total liquid volume used for 4.8 and
1.2 g soil was 10.0 ml and 5.6 ml respectively. Subsequent
to spiking, the tubes were equilibrated in a head-to-head
shaker at 10 °C and 30 rpm for 96 h. The incubation time
used for the sorption experiments was selected based on
pilot experiments, where the sorption was followed for
several weeks, and no development in the sorption state
was observed after 4 days (results not shown)

After 96 h the sorption tubes were centrifuged for
15 min at 10,000×g. Using a finnpipette, 1.9 ml of the
supernatant was collected and transferred to a 2-ml micro
spin vial, and after measuring the pH of the solution the
remaining supernatant was discharged. The volume collect-
ed was centrifuged for 15 min at 10,000×g and 1.6 ml of
the supernatant was collected using a finnpipette and
transferred to a vial that was caped and stored in darkness,
at 4 °C until analysis.

For estimation of desorption, the sorption tubes was
refilled with 100 mM of CaCl2 in MilliQ water 4 ml for the
tubes with a soil-to-water ratio of 12:25 and 5 ml for the
3:14 ratio. CaCl2 was used in the desorption experiments as
to maintain the same ionic strength as used for the sorption
experiment. Subsequently the tubes were shaken vigorously
by hand to re-suspend the soil. The slurry was placed in a
head-to-head shaker for 96 h, incubated at 10 °C, and
centrifuged following the same procedure as for the sorption.
Any remaining sorption-water was determined by the weight
difference of the sorption tubes and soil, before and after the
sorption experiment, the result was used for calculating the
initial conditions of the desorbing-experiment.

The quantification of the compounds was made by
external calibration using linear fitted curves (no weighting
of the calibration function). For documentation of instru-
ment linearity, each sample sequence was initiated and
ended by a set of standards (five levels plus blank)
spanning up to three orders of magnitude. Having demon-
strated linearity the actual samples were quantified using
boxed standards (e.g., a high-level standard followed by
five samples, a low-level standard followed by five
samples, a high-level standard, etc.) and high and low
levels were adjusted to the relevant levels of the samples.
To promote matrix-matched calibration the standards used
for quantification were made in water, which had equili-
brated with the soil for 24 h prior to standard addition. For
calculation of the soil-to-water distribution coefficients Kd,
the method of aqueous loss was used [43, 62]. Using this
approach, the concentration of compounds was analysed in
the aqueous phase, using the SPE-LC-MS/MS method
developed, and the soil concentration was calculated, using
the difference between the initial theoretical concentration
and the measured concentration in the aqueous phase.

Results

As prerequisite for the fate studies of PFC compounds a
quantitative method was developed for determination of six
of simple perfluorinated compounds; four carboxylic acids,
with carbon chain length of 7 to 10, and two sulphuric acids
with a carbon chain length of 4 and 8. The matrices were
aqueous soil extracts, ground water and drainage water. The
soil/water partition of these six environmentally important
PFCs was characterised using two Danish topsoils selected
to represent a sandy soil, and a more clayey soil.

Inline cleanup, chromatography and mass spectrometry

The LC-gradient method developed gave baseline separa-
tion of all six compounds within 10 min (Fig. 1). The total
run time was 21 min, including inline SPE extraction,
chromatographic separation, MS/MS detection, and recon-
ditioning of the two columns. From intercomparison studies
on analytical methods, it is known that quantification of
PFCs in various matrices is a challenge [64–68]. In a recent
comparison of methods used for PFCs in blood and similar
matrices [64], it was found that the use of matrix-matched
calibration was essential for quantitative work to reduce the
possible effects of both ion suppression and enhancement
using LC-MS/MS. In accordance with this, the calibration
standards used were spiked into aqueous soil extracts
(24-h shaking) sampled at the same two sites as used in
the sorption experiments. Specific issues related to detec-
tion and quantification of PFCs at low concentrations in
soil, as well as the use of 13C standards has been evaluated
[69]. It was concluded, that due to the variability in the matrix
of soil extracts 13C-PFOA was less suitable for use as a
general internal standard. In agreement with this, the present
study used an external and a compound identical standard for
each PFC, and matrix-matched solutions were used for
quantification. Thus, the analytical method was calibrated
and validated using standards in MilliQ water (0.005–1 μg/l)
and spiked groundwater samples (0.005–2.5 μg/l). For both
the MilliQ and groundwater standards, linear calibration
using the method of least squares gave R2 of 0.990 or
better, indicating a good linear fit of the calibration curve
(Table 3).

The optimised chromatographic procedure provided
baseline separation of all six compounds and W1/2 peak
widths was 0.5 min or less for all compounds (Fig. 1).
Perfluorooctane sulphonate eluted as three tops in the
chromatogram. This was probably caused by the method
used for synthesis of the standards, i.e., both straight and
branched carbon chains are formed [70].

The detection and quantification limit of the individual
PFCs in groundwater is given in Table 3. Overall, linearity
was demonstrated within the interval 5 to 2,500 ng/l and the
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LOD were between 2 and 8 ng/l. In general, only one major
MS/MS transition was obtained using the optimised
conditions of the method and this ion trace was used for
quantification. A higher limit of detection and quantifica-
tion would have been the result of including additional
secondary transitions in the quantification. In the event that
further verification is needed, it is recommended that

alternative instrument settings are optimised for improved
intensity of the fragments of secondary transitions for
verification purposes. Such secondary MS/M fragments are
included in Table 1 for each compound. When using inline
cleanup there is no straightforward way to measure the
extraction recovery rate, but injecting the same amount of
analyst in 10 μl direct injection and in 1 ml with inline
cleanup, gave comparable areas in the chromatograms,
indicating a high extraction recovery. Also, control of
breakthrough conditions is of essence when integrating SPE
in line with LC. In the present study, a 1-ml injection was
used whereas breakthrough experiments demonstrated that
volumes up to at least 5 ml could be used (data not shown),
i.e. even lower LODs could be achieved if required.

Comparing the LODs of the present method (Table 3) to
the short-term provisional health advisory values for PFOA
and PFOS of 0.4 and 0.2 μg/l, respectively, as set by EPA
in 2009 [71] the method meets the need for a quantitative
method for monitoring of groundwater and drinking water
resources. Also, as demonstrated in the present study, the
method is suitable for studying adsorption and desorption
processes in the subsurface environment.

The PFCs included in the present study are widely used
and there is a risk for contamination of blank samples.
Developing and implementing methods for PFC analysis in
this aspect is a matter of concern [72–74]. In the present
study, two compounds, PFOA and PFOSH demonstrated a
background level. Initially PFOSH was a candidate for an
internal standard and the analytical conditions for detection
are included in Table 1. However, the impurity leaching
from the LC pump/auto sampler system was varying
between runs, from levels of no consequence to levels
comparable with the 0.1 μg/l and for this reason it was not
possible to use the PFOSH compound as an internal
standard. A rather steady PFOS background level indicated
that the problem may be related to the MS pump. In
contrast, PFOSH was characterised by a peak even in blank
samples. This would indicate a source within the LC pump
and/or auto sampler system causing a band concentration
on the SPE column. Switching the two LC pumps resulted
in turning the problem around, giving a high steady
background of PFOSH and a PFOA top at the
corresponding retention time. The problem of PFOA was
probably related to tubes and fittings inside the pump made
of Teflon® (polytetraflouroethylene, PFTE). This is a well-
known problem in several common LC systems [4, 75].
One way to minimise the problem would be to exchange all
Teflon® parts in the pumping system with non-PFC parts.
Powley et al. solved the problem by inserting more
retentive HPLC columns between the pump and the
injection system, shifting the eluting time of the interfering
compounds away from the analyst [45]. In the present
study, it was estimated that the PFOA background did not
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9x

120x
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80x

70x

215x
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PFBS

PFHpA

PFOA

PFNA

PFOS

PFDA

PFBS

PFHpA

PFOA

PFNA

PFOS

PFDA

Fig. 1 Ion traces of the chromatogram a the six compounds spiked in
groundwater to level 100 ng/l and b a blank groundwater sample. The
scale of the ion traces in part b has been amplified relative to traces in
a, as indicated for each trace. The injection volume was 1 ml on the
inline SPE

Table 3 Detection and quantification limit of the individual PFCs in
MilliQ water and groundwater the inline SPE LC-MS/MS method

Compound Spiked MilliQ water Spiked groundwater

tR R2 LOD R2 LOD
min ng/l ng/l

PFBS 3.43 0.9974 6.4 0.9988 5.2

PFHpA 3.98 0.9968 3.7 0.9977 4.6

PFOA 4.86 0.9992 6.5 0.9988 8.3

PFNA 6.53 0.9997 2.7 0.9991 6.2

PFOS 7.91 0.9985 7.1 0.9980 2.4

PFDA 8.68 0.9924 6.8 0.9968 6.2

Retention time (tR) and limit of detection (LOD) is shown for each
compound using 1 ml injection volume and inline cleanup. The square
of the sample correlation coefficient (R2 ) of the linear calibration is
given for the interval from 5 to 2,500 ng/l (11 levels used)
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inflict the sensitivity of the method (Fig. 2) and no further
action was taken. However, this part of the method
development confirmed the need for awareness and focus
on possible background interference when analysing PFCs.

Optimisation of fundamental elements of the analysis of
PFCs has been made in various studies, e.g. soil extraction
[76] chromatography conditions, eluent composition and
columns [59, 77] and comparison of MS techniques [78].
Reviews have been published on analytical methods for
PFCs in environmental matrices [11, 68, 79, 80]. In general,
the LODs are in the ng/l range, whereas large volume
extractions can be used for studies where the pg/l level is
addressed [23, 81]. A frequently cited study on PFOA and
PFOS in the Tennessee River reports LODs at 25 ng L−1

[24]. The direct quantification of PFCs has been made
using direct injection MS and with LODs in the μg/l range
[82], but in current methods cleanup procedures are
normally applied. In conventional methods, cleanup is
made offline and typically include operations such as
filtration, centrifugation, SPE and LLE [83]. In an offline
cleanup method for river water based on a 100-mL sample
volume, 12 perfluorinated surfactants could be quantified to
a LOD of 2 ng/l [25]. Using offline SPE or LLE and 900-
mL water samples the LOD was 0.26 to 0.62 ng/l [84]. In a
study of five short-chain perfluorocarbon carboxylic acids
the general LOD was 25 ng/l in water [85] and the LC-MS/
MS analysis of PFCs in groundwater was possible down to
a LOD of 360 to 620 ng/l [86].

Other inline cleanup methods have been published.
However, these methods have been developed for other
matrices (e.g. PFOS, PFOA and PFOSA in human blood
serum and milk [87–89]) or only a single or a few PFCs
have been included in the method. One of the first methods
for online extraction and quantification of PFOS in river
water was developed using turbulent flow chromatography
[90]. Injecting 1 ml of sample, a LOD at 5 and LOQ 17 ng/
l could be obtained for PFAO.

In summary, the LODs of the inline cleanup approach
developed in the present study is comparable to and in
some cases better than PFC methods based on offline
cleanup. Further, the inline approach used offers added
value, e.g. reduced sample handling, small sample volume,
and reduction of solvent use and using inline SPE, the
column can be used for more than 200 samples (depending
on the nature of the sample), whereas in offline SPE the
cartridges is for single use only.

Sorption

The method developed was used for characterisation of
PFC adsorption and desorption in a soil/water environment.
Linear as well as Freundlich adsorption isotherms were
evaluated. Linear isotherms (i.e. Freundlich adsorption
isotherms with exponent n=1) was found for all six
compounds with R2 values close to 1, the lowest value
being observed for PFOS (R2≈0.85), and the Kd values
estimated were in the range 0.007 to 33 l/kg (Table 4). For
all PFCs, the percentage of sorbed compound was in the
range 10% to 75% except for two compounds where
sorption on soil from Sj Odde was used: PFNA in ratio
12:25 where 97% was sorbed (using 3:14, this compound
was also within the optimal range) and PFBS where 8%
was sorbed on the soil.

Considering desorption of PFC from soil linearity was
found for all compounds (except for PFOA in Jyndevad
soil:water ratio 3:14 giving a low value R2≈0.59, where the
values are included in the table for reference only, and a
low R2≈0.74 was found for PFOS 3:14 using soil from
Jyndevad). The desorption was characterised by Kdes in the
range 0.33 to 65 l/kg. The Freundlich isotherms are
exemplified in Fig. 3. In previous studies, Kf for PFOS
was in the range 36 to 61 for activated carbon, 31.8 on
high-silica zeolite and 0.9 to 1.9 on sludge [42].

Based on the organic carbon content determined in the
soil samples the values of KOC were estimated using the
OECD guideline 106 procedure [62]. A linear relationship
was observed for log KOC relative to the molecular weight
in the sandy soil, a non-linear curve could be fitted for the
clay soil (Fig. 4). A strict functional relationship may be
less likely between the two measurands plotted as the plot
is a second-order function between a non-transformed and a
log-transformed one. If the relationship between log KOC

and MW could be verified using other soils and compound
combinations it would rule out any ‘second-order relation-
ship by accident’ considerations and point to a sorption
related controlling mechanism coupled to the MW of the
molecule.

In the experimental approach used, the concentration in
the solid phase was estimated based on the measurements
of the water phase, i.e. the amount of compound not
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recovered from the water phase was assumed to be
adsorbed in the soil matrix [43, 62]. In principle, a complete
mass balance would be preferable, but using unlabeled
compounds this approach is generally used due to the lack
of exhaustive extraction procedures need for total mass
balance calculations. As a precaution, the possible adsorp-
tion on the vessel surface, laboratory equipment, etc. was
ruled out by including water samples spiked with PFC but
without soil. In spite of all such measures, there is a
potential for bias in the estimation of the soil sorption
process when using the aqueous loss approach, i.e. sorption
to soil could be systematically overestimated due to other
dissipation processes (e.g. sorption to glass or lab material,
degradation, etc.). Yet, inclusion of blanks and the slow
degradation of PFC compounds reduce the risk for such
bias in the present results.

Currently, the controlling parameters for PFC sorption
are under debate [6, 46]. For example, dependence on pH
was investigated and the results indicated that adsorbents
was mainly dominated by the electrostatic interaction [91],
and a study of adsorption of PFOA on powdered activated
carbon indicated that the process was mainly controlled by
particle diffusion [44]. The observation of a molecule size
relation of Koc for the PFC in the present study (Fig. 4)
confirms previous publications describing correlation be-
tween chain length and adsorption characteristics. Thus, it
has been shown that the partitioning behaviour is depend-
ing on physicochemical characteristics of PFCs as well as
on sediment-specific parameters [43]. In the present study,

the correlation was observed even if the two sulphonic
acids displayed small pKa values relatively to the four
carboncylic acids, i.e. a general level of −3.3 vs. 2.8,
respectively [92, 93]. This observation indicates a minor
importance of the functional group and possibly larger
effect of carbon chain length within each soil. Also, the
difference in curvature of the fitted function for the two
soils demonstrates a clear relation between PFC sorption
and partitioning characteristics and soil properties.

Discussion

In recent years several papers dealing with analysis of PFCs
in natural samples have been published, and two primary
principles for cleanup and sample concentration has been
used: liquid/liquid extraction with counter ion [94] and
more recently SPE [22–24, 75]. To our knowledge, the
present study is the first to implement an automated cleanup
and enrichment approach integrated inline with the LC-MS/
MS system, for the analysis of PFCs in ground water
samples and aqueous soil extracts.

Analysing compounds in natural samples by conven-
tional methods sample cleanup and enrichment is laborious
and often more time consuming than the quantitative
analyses itself and can be the limiting factor of the number
samples that can be analysed in a laboratory. The present
inline SPE method dramatically reduces the sample
turnaround time.

Jyndevad Sj. Odde

R2 Kd Koc R2 Kd Koc

Adsorption

PFHpA 12:25 1.00 0.63±0.01 0.63 0.85 0.63±0.07 1.5

PFOA 12:25 0.99 1.1±0.04 1.1 0.89 1.5±0.21 3.6

PFOA 3:14 0.98 1.5±0.07 1.5 0.93 1.8±0.21 4.3

PFNA 12:25 0.99 4.2±0.14 4.2 n.a. n.a. n.a.

PFNA 3:14 0.96 5.2±0.30 5.2 0.990 7.7±0.31 18.

PFDA 3:14 0.99 30±1.0 30 0.99 33±1.2 79

PFBS 12:25 0.99 0.41±0.02 0.41 0.99 0.07±0.02 0.2

PFOS 3:14 0.85 15±1.9 15 0.96 17±1.2 40

Desorption

PFHpA 12:25 1.00 2.0±0.11 2.0 0.94 1.5±0.41 3.6

PFOA 12:25 0.95 1.8±0.21 1.8 0.86 4.1±3.7 9.8

PFOA 3:14 0.59 2.2±1.9 2.2 1.00 15±0.50 36

PFNA 12:25 1.00 6.4±0.06 6.4 n.a. n.a. n.a.

PFNA 3:14 0.99 17±1.0 17 0.98 32±4.8 76

PFDA 3:14 0.92 51±33 51 0.91 65±21 155

PFBS 12:25 0.99 1.2±0.10 1.2 0.81 0.33±0.17 0.8

PFOS 3:14 0.74 36±46 36 0.87 46±38 110

Table 4 Adsorption and
desorption characteristics of
PFC in two soil types

Compounds and soil:water ratio
is shown. Linear isotherms were
used for estimation of the
Freundlich adsorption coeffi-
cient (Kd) and the desorption
coefficient (Kdes). The squared
correlation coefficient (R2 ) for
linearity of log-transformed
values, confidence level for the
estimated function (±), and the
organic carbon normalised
adsorption coefficient
(Koc, cm

3 /g) is given

n.a. not available

1168 R. Enevoldsen, R.K. Juhler



In addition to being time-saving, inline cleanup methods
are characterised by using minimal volumes of organic
solvents for sample cleanup and analyte pre-concentration.
In a standard SPE method for analysing PFCs, the amount
of organic solvent used in the SPE procedure (conditioning,
wash and elution) can be up to 140 ml [75]. For
comparison, the volume used in the present method is
approximately 1 ml. Further, small sample volumes can be
used, a great advantage for monitoring programmes and
field experiments, e.g. in field studies where ceramic
lysimeters are used in the vadose zone. Combined with
reduced need for manual labour, turnaround time, method
complexity and cost and the benefits of a fully automated
procedure from sample to data, the inline approach is very
suitable for fate studies and monitoring programmes where
many samples are to be processed and quantified for
content of PFCs.

From previous studies it is known that sorption of PFCs
is influenced by a number of factors, e.g. soil carbon

0.0

0.1

0.2

0.3

0.4

0.5

0.0 0.2 0.4 0.6 0.8

Caq
C

s

0.0

0.2

0.4

0.6

0.8

0.0 0.2 0.4 0.6

Caq

C
s

 

0.0

1.0

2.0

3.0

4.0

5.0

0.0 0.2 0.4 0.6

Caq

C
s

 

0.0

2.0

4.0

6.0

8.0

10.0

0.0 0.1 0.2 0.3

Caq

C
s

 

0.0

0.1

0.2

0.3

0.0 0.2 0.4 0.6 0.8

Caq

C
s

 

0.0

1.5

3.0

4.5

6.0

7.5

0.0 0.2 0.4 0.6

Caq

C
s

 

b/
PFOA

a/
PFPhA

c/
PFNA

d/
PFDA

e/
PFBS

f/
PFOS

Fig. 3 Adsorption (plus sign)
and desorption (filled circle)
on soil as exemplified by
isotherms. The adsorption
of the PFC on the solid phase
(Cs, μg/kg) is plotted against the
concentration in the aqueous
phase (Caq, μg/l). Correlation
coefficients and other details are
given in Table 4. a PFHpA
(Jynnevad, soil-to-water ratio
12:25), b PFOA (Jynnevad,
soil-to-water ratio 12:25),
c PFNA (Sj. Odde, soil-to-water
ratio 3:14), d PFDA (Sj. Odde,
soil-to-water ratio 3:14), e PFBS
(Jynnevad, soil-to-water ratio
12:25), f PFOS (Sj. Odde,
soil-to-water ratio 3:14)

-3 

-2 

-1 

0

1

2

3

4

250 300 350 400 450 500 550

Mw 

L
o

g
(K

o
c)

 

Fig. 4 Molecular weight and adsorption characteristics. Correlation
was found for both soils between the logarithm to the distribution
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content, pH and presence of surfactants [95], and inorganic
components and electrostatics of the matrix [43, 96–98].
However, the mechanism, kinetics and controlling para-
meters are not fully characterised at present, as exemplified
by the discussion on possible carbon effects on adsorption
of PFCs [40, 46, 97]. It has been reported that PFC
structural characteristics effect adsorption, e.g. the effect of
chain length on PFC enrichment was studied in sediment
cores [99]. Short-chain perfluoroalkyl carboxylic acids
(C <8) were found exclusively in pore water, while long-
chain (C >10) were found in sediment only. Enrichment of
PFCs on sediment increased with increasing organic matter
and decreasing pH. Likewise, in a pioneering study the of
sorption of eight PFCs on five natural freshwater sediments
of varying iron oxide and organic carbon content, it was
concluded that the dominant characteristics influencing
sorption was PFC perfluorocarbon chain length and sediment
carbon content [43]. For sorption to sludge, this finding has
been elaborated and it was suggested that protein fractions
may be the dominant sludge parameter [46]. This demon-
strates that the generation of knowledge on freshwater
sediments and sludge is detailed to an extent that by far
exceeds the insight into processes in natural soil status.

From Fig. 4, it is clear that the sorption characteristics
vary for the two soils. Also, differences between adsorption
and desorption curves slopes can be seen and such
hysteresis points to the presence of two or more types of
adsorption sites within soil matrix [100]. In the present
study, a linear relationship was observed for log Koc relative
to the molecular weight in the sandy soil, whereas a non-
linear curve could be fitted for the clay soil. Relative to the
sandy soil (Jyndevad), the clay soil (Sj. Odde) had a high
iron and low carbon content (Table 2). In a study of PFOS
sorption on various geological materials, it was observed
that electrostatic attraction may play a role when organic
carbon is not present in the matrix [98]. Due to the
complexity of the natural soils as used in the current study, it
is difficult directly to compare this observation to studies
made on standardised material. With this aspect in mind, it is
interesting that the low carbon soil is more in line with other
KOC studies made, whereas the high carbon, low iron soil
displays non-linearity. Log–log linearity has also been found
for KOC and chain length for fluorotelomer alcohols in a soil/
water system [101] and log Kair/water coefficients [102].

The two soils used in the present study were neutral to
slightly acidic (Table 2). Decreasing solution pH has been
reported to increase sorption capacity and induce non-
linearity of PFOS adsorption in experiments with black
carbon [40]. Thus, the linearity of the adsorption isotherms
observed may not be attributable to acidic soils. Soil
acidification can occur due to, e.g. inherent soil character-
istics, use of acid-forming fertilisers, mining activities,
presence of conifers or hardwood trees, and use of a soil

additive. It would be informative to compare the results of
the present soil sorption experiments to more acidic soils;
such soils may have reduced sorption capacity and increased
risk for leaching of PFCs. Also, considering the adsorption/
desorption characteristics of the PFCs investigated, the
possibility of solid-bound residue transport through the
unsaturated zone should be considered. The method devel-
oped is suitable for such studies and also for monitoring
programmes.

Conclusion

A method suitable for quantitative analysis of six simple
perfluoro compounds was developed, and the obtained
detection levels are suitable for studies of these com-
pounds in the subsoil environment. The combination of
inline SPE cleanup and LC-MS/MS showed useful when
analysing simple environmentally important PFCs in
natural samples, like ground and drainage water. The
method is labour-saving and cost effective, as the SPE
column can be reused more than 300 times (depending
on the characteristics of the samples). The inline SPE
method would be particularly suitable in studies where
only limited sample material is available, as the sample
volume was as low as 1 ml. Also, compared to more
conventional methods, the present inline SPE method is
using very small amounts of solvent for sample cleanup,
and the method is less labour-intensive.

The sorption and desorption characteristics of the PFCs
were characterised contributing to a more detailed under-
standing of PFC fate in the subsurface environment. The
adsorption and desorption data indicate that the soil may
have a capacity store PFCs due to high adsorption and low
desorption, i.e. the soil matrix may act as a protective
barrier towards extensive groundwater contamination.
However, as demonstrated by findings of PFCs in ground-
water in areas with industry and fire-fighting training areas,
the leaching of PFCs is possible. The current results need to
be matched by studies on soils from other parts of the
world, i.e. extension of the soil types, in particular in
relation to texture, carbon, pH and iron characteristics and
the potential for bound residue transport through the
unsaturated zone needs clarification.

Using the combination of inline SPE and an analyt-
ical LC-MS/MS method, it was possible to make
automated analysis of natural water samples, with a
minimum of sample handling and cleanup procedures.
The overall time from the raw sample to the analytical
result was less than half an hour, making this method
ideal for studying PFCs in natural water samples, such
as ground and drainage water, and quantitative analysis
at the sub-μg/l level is possible.

1170 R. Enevoldsen, R.K. Juhler



Acknowledgements The authors wish to thank D. Gosh, W.
Bjørklund and D. Milton at Thermo Fisher Scientific for making the
equipment available for the method development.

References

1. Rayne S, Forest K (2009) J Environ Sci Health A 44:1145–1199
2. Houde M, Martin JW, Letcher RJ, Solomon KR, Muir DCG

(2006) Environ Sci Technol 40:3463–3473
3. Giesy JP, Kannan K (2001) Environ Sci Technol 35:1339–1342
4. Martin JW, Smithwick MM, Braune BM, Hoekstra PF, Muir

DCG, Mabury SA (2004) Environ Sci Technol 38:373–380
5. Giesy JP, Naile JE, Khim JS, Jones PD, Newsted JL (2010)

Aquatic toxicology of perfluorinated chemicals. Springer, New
York

6. Prevedouros K, Cousins IT, Buck RC, Korzeniowski SH (2006)
Environ Sci Technol 40:32–44

7. Kennedy GL, Butenhoff JL, Olsen GW, O'Connor JC, Seacat
AM, Perkins RG, Biegel LB, Murphy SR, Farrar DG (2004) Crit
Rev Toxicol 34:351–384

8. Conder JM, Hoke RA, De Wolf W, Russell MH, Buck RC
(2008) Environ Sci Technol 42:995–1003

9. Lau C (2009) Reprod Toxicol 27:209–211
10. Suja F, Pramanik BK, Zain SM (2009) Water Sci Technol

60:1533–1544
11. Villagrasa M, de Alda ML, Barcelo D (2006) Anal Bioanal

Chem 386:953–972
12. SC-4/17: Listing of perfluorooctane sulfonic acid, its salts and

perfluorooctane sulfonyl fluoride http://chm.pops.int/Convention/
Pressrelease/COP4Geneva8May2009/tabid/542/language/en-US/
Default.aspx UNEP-POPS-COP.4-SC-4-17. 9-5-2009. Geneve,
Stockholm Convention Secretariat, UNEP

13. Dinglasan MJA, Ye Y, Edwards EA, Mabury SA (2004) Environ
Sci Technol 38:2857–2864

14. Washington JW, Ellington JJ, Jenkins TM, Evans JJ, Yoo H,
Hafner SC (2009) Environ Sci Technol 43:6617–6623

15. Hazard assessment of perfluorooctane sulfonate (PFOS) and its
salts. ENV/JM/RD(2002)17/final. 2002. OECD - Environment
Directorate. Co-operation on existing chemicals

16. Moody CA, Field JA (1999) Environ Sci Technol 33:2800–
2806

17. Armitage JM, MacLeod M, Cousins IT (2009) Environ Sci
Technol 43:5830–5836

18. Taves D, Guy W, Brey W (1976) Biochemistry involving
carbon-fluorine bonds. American Chemical Society, Washington,
DC

19. Kannan K, Franson JC, Bowerman WW, Hansen KJ, Jones PD,
Giesy JP (2001) Environ Sci Technol 35:3065–3070

20. Kannan K, Koistinen J, Beckmen K, Evans T, Gorzelany JF,
Hansen KJ, Jones PD, Helle E, Nyman M, Giesym JP (2001)
Environ Sci Technol 35:1593–1598

21. Kannan K, Newsted J, Halbrook RS, Giesy JP (2002) Environ
Sci Technol 36:2566–2571

22. Karrman A, van Bavel B, Jarnberg U, Hardell L, Lindstrom G
(2005) Anal Chem 77:864–870

23. Loewen M, Halldorson T, Wang FY, Tomy G (2005) Environ Sci
Technol 39:2944–2951

24. Hansen KJ, Johnson HO, Eldridge JS, Butenhoff JL, Dick LA
(2002) Environ Sci Technol 36:1681–1685

25. Skutlarek D, Exner M, Farber H (2006) Environ Sci Pollut Res
Int 13:299–307

26. Jahnke A, Ahrens L, Ebinghaus R, Temme C (2007) Environ Sci
Technol 41:745–752

27. Beach S, Newsted J, Coady K, Giesy J (2006) Reviews of
environmental contamination and toxicology. Springer, New
York

28. Latala A, Nedzi M, Stepnowski P (2009) Environ Toxicol
Pharmacol 28:167–171

29. Hanson ML, Sibley PK, Brain RA, Mabury SA, Solomon KR
(2005) Arch Environ Contam Toxicol 48:329–337

30. Hanson ML, Small J, Sibley PK, Boudreau TM, Brain RA,
Mabury SA, Solomon KR (2005) Arch Environ Contam Toxicol
49:307–316

31. Sonne C, Gustavson K, Riget FF, Dietz R, Birkved M, Letcher
RJ, Bossi R, Vorkamp K, Born EW, Petersen G (2009)
Chemosphere 77:1558–1568

32. Ren H, Vallanat B, Nelson DM, Yeung LWY, Guruge KS, Lam
PKS, Lehman-McKeeman LD, Corton JC (2009) Reprod
Toxicol 27:266–277

33. Fei CY, McLaughlin JK, Lipworth L, Olsen J (2009) Hum
Reprod 24:1200–1205

34. Potera C (2009) Environ Health Perspect 117:A148
35. Rumsby PC, McLaughlin CL, Hall T (2009) J Philos Trans R

Soc A 367:4119–4136
36. Ericson I, Domingo JL, Nadal M, Bigas E, Llebaria X, van Bavel

B, Lindstrom G (2009) Arch Environ Contam Toxicol 57:631–
638

37. Higgins CP, Field JA, Criddle CS, Luthy RG (2005) Environ Sci
Technol 39:3946–3956

38. Heidler J, Halden RU (2008) Environ Sci Technol 42:6324–
6332

39. Yu J, Hu JY, Tanaka S, Fujii S (2009) Water Res 43:2399–2408
40. Chen H, Chen S, Quan X, Zhao YZ, Zhao HM (2009)

Chemosphere 77:1406–1411
41. Rayne S, Forest K (2009) J Environ Sci Health A 44:1374–1387
42. Ochoa-Herrera V, Sierra-Alvarez R (2008) Chemosphere

72:1588–1593
43. Higgins CP, Luthy RG (2006) Environ Sci Technol 40:7251–

7256
44. Qu Y, Zhang CJ, Li F, Bo XW, Liu GF, Zhou Q (2009) J Hazard

Mater 169:146–152
45. Powley CR, George SW, Ryan TW, Buck RC (2005) Anal Chem

77:6353–6358
46. Li F, Zhang CJ, Qu Y, Chen J, Chen L, Liu Y, Zhou Q (2010) Sci

Total Environ 408:617–623
47. Scott BF, Spencer C, Martin JW, Barra R, Bootsma HA, Jones

KC, Johnston AE, Muir DCG (2005) Environ Sci Technol
39:8664–8670

48. Liu J, Lee LS (2005) Environ Sci Technol 39:7535–7540
49. Moore J, Rodericks J, Turnbull D, Warren-Hicks W (2003)

Environmental and Health Assessment of Perfluorooctane
Sulfonic Acid and its Salts. St. Paul, MN, 3M

50. Moody CA, Hebert GN, Strauss SH, Field JA (2003) J Environ
Monit 5:341–345

51. Report on drinking water near 3M plants. http://solutions.3m.
com/wps/portal/3M/en_US/PFOS/PFOA/Information/Drinking-
Water/. 2010

52. Stoob K, Singer HP, Goetz CW, Ruff M, Mueller SR (2005)
J Chromatogr A 1097:138–147

53. Garcia-Ac A, Segura PA, Viglino L, Furtos A, Gagnon C,
Prevost M, Sauve S (2009) J Chromatogr A 1216:8518–8527

54. Ding J, Ren NQ, Chen LG, Ding L (2009) Anal Chim Acta
634:215–221

55. Tagiri-Endo M, Suzuki S, Nakamura T, Hatakeyama T, Kawa-
mukai K (2009) Anal Bioanal Chem 393:1367–1375

56. Thompson TS, Noot DK, Forrest F, van der Heever JP, Kendall
J, Keenliside J (2009) Anal Chim Acta 633:127–135

57. Viglino L, Aboulfadl K, Prevost M, Sauve S (2008) Talanta
76:1088–1096

Perfluorinated compounds in groundwater and aqueous soil extracts 1171

http://chm.pops.int/Convention/Pressrelease/COP4Geneva8May2009/tabid/542/language/en-US/Default.aspx
http://chm.pops.int/Convention/Pressrelease/COP4Geneva8May2009/tabid/542/language/en-US/Default.aspx
http://chm.pops.int/Convention/Pressrelease/COP4Geneva8May2009/tabid/542/language/en-US/Default.aspx
http://solutions.3m.com/wps/portal/3M/en_US/PFOS/PFOA/Information/Drinking-Water/
http://solutions.3m.com/wps/portal/3M/en_US/PFOS/PFOA/Information/Drinking-Water/
http://solutions.3m.com/wps/portal/3M/en_US/PFOS/PFOA/Information/Drinking-Water/


58. Diaz L, Llorca-Porcel J, Valor I (2008) Anal Chim Acta 624:90–96
59. Washington JW, Henderson WM, Ellington JJ, Jenkins TM,

Evans JJ (2008) J Chromatogr A 1181:21–32
60. Juhler RK, Henriksen T, Rosenbom AE, Kjaer J (2010) Environ

Sci Pollut Res 17:1245–1256
61. Lindhardt B, Abiltrup C, Vosgerau H, Olsen P, Torp s, Iversen

BV, Jørgensen JO, Plauborg F, Rasmussen P, Gravesen P (2001)
The Danish Pesticide Leaching Assessment Programme. Site
characterization and monitoring design. Geological Survey of
Denmark and Greenland, GEUS, Copenhagen

62. OECD guideline for the testing of chemicals; adsorption -
desorption using a batch equilibrium method. 106. 2000. Paris,
OECD

63. Schwarzenbach RP, Gschwend PM, Imboden D (2003) Environ-
mental organic chemistry. Wiley, New Jersey

64. Reagen WK, Ellefson ME, Kannan K, Giesy JP (2008) Anal
Chim Acta 628:214–221

65. Lindstrom G, Karrman A, van Bavel B (2009) J Chromatogr A
1216:394–400

66. Longnecker MP, Smith CS, Kissling GE, Hoppin JA, Butenhoff
JL, Decker E, Ehresman DJ, Ellefson ME, Flaherty J, Gardner
MS, Langlois E, LeBlanc A, Lindstrom AB, Reagen WK,
Strynar MJ, Studabaker WB (2008) Environ Res 107:152–159

67. Van Leeuwen SPJ, Karrman A, van Bavel B, De Boer J,
Lindstrom G (2006) Environ Sci Technol 40:7854–7860

68. Jahnke A, Berger U (2009) J Chromatogr A 1216:410–421
69. Washington JW, Ellington JJ, Jenkins TM, Evans JJ (2007) J

Chromatogr A 1154:111–120
70. Kissa E (2001) Fluorinated surfactants and repellents. Marcel

Dekker, New York
71. Dinan J, Crawford D (2009) Washington DC, Office of solid

waste and emergency response, US EPA 28-10-2009
72. Yamashita N, Kannan K, Taniyasu S, Horii Y, Okazawa T,

Petrick G, Gamo T (2004) Environ Sci Technol 38:5522–5528
73. So MK, Taniyasu S, Yamashita N, Giesy JP, Zheng J, Fang Z, Im

SH, Lampp P (2004) Environ Sci Technol 38:4056–4063
74. Taniyasu S, Yamashita N, Pettrick G, Kannan K, Gamo T, Lam

P, Giesy JP (2003) Perfluorooctane sulfonate (PFOS) and related
compounds in open ocean water. 6th Annual Meeting of the
Japan Society of Endocrine Disruptors Research

75. Yamashita N, Kannan K, Taniyasu S, Horii Y, Petrick G, Gamo
T (2005) Mar Pollut Bull 51:658–668

76. Ellington JJ, Washington JW, Evans JJ, Jenkins TM, Hafner SC,
Neill MP (2009) J Chromatogr A 1216:5347–5354

77. Hori H, Hayakawa E, Yamashita N, Taniyasu S, Nakata F,
Kobayashi Y (2004) Chemosphere 57:273–282

78. Berger U, Langlois I, Oehme M, Kallenborn R (2004) Eur
J Mass Spectrom 10:579–588

79. De Voogt P, Saez M (2006) Trac Trends Anal Chem 25:326–342
80. Moriwaki H (2005) Curr Org Chem 9:849–857
81. Theobald N, Gerwinski W, Caliebe C, Haarich M (2007) http://

www.umweltbundesamt.de. 202 22 213, UBA-FB 00 001049,
ISSN 1862-4804, 625 Scientific report, German Federal Envi-
ronmental Agency

82. Hebert GN, Odom MA, Craig PS, Dick DL, Strauss SH (2002)
J Environ Monit 4:90–95

83. Van Leeuwen SPJ, De Boer J (2007) J Chromatogr A 1153:172–
185

84. Gonzalez-Barreiro C, Martinez-Carballo E, Sitka A, Scharf S,
Gans O (2006) Anal Bioanal Chem 386:2123–2132

85. Risha K, Flaherty J, Wille R, Buck W, Morandi F, Isemura
T (2005) Anal Chem 77:1503–1508

86. Schultz MM, Barofsky DF, Field JA (2004) Environ Sci Technol
38:1828–1835

87. Inoue K, Okada F, Ito R, Kawaguchi M, Okanouchi N,
Nakazawa H (2004) J Chromatogr B Anal Technol Biomed Life
Sci 810:49–56

88. Kuklenyik Z, Needham LL, Calafat AM (2005) Anal Chem
77:6085–6091

89. Kuklenyik Z, Reich JA, Tully JS, Needham LL, Calafat AM
(2004) Environ Sci Technol 38:3698–3704

90. Takino M, Daishima S, Nakahara T (2003) Rapid Commun Mass
Spectrom 17:383–390

91. Deng SB, Shuai DM, Yu Q, Huang J, Yu G (2009) Front Environ
Sci Eng Chin 3:171–177

92. Brace NO (1962) J Org Chem 27:4491–4498
93. Brooke D, Footiii A, Nwaogu TA (2004) Environmental risk

evaluation report: perfluorooctanesulphonate (PFOS). Environ-
ment Agency, UK

94. Ohya T, Kudo N, Suzuki E, Kawashima Y (1998) J Chromatogr
B 720:1–7

95. Pan G, Jia CX, Zhao DY, You C, Chen H, Jiang GB (2009)
Environ Pollut 157:325–330

96. Ferrey ML, Adair C, JT WILSON (2009) Reprod Toxicol 27:416
97. Becker AM, Gerstmann S, Frank H (2008) Environ Pollut

156:818–820
98. Johnson RL, Anschutz AJ, Smolen JM, Simcik MF, Penn RL

(2007) J Chem Eng Data 52:1165–1170
99. Ahrens L, Yamashita N, Yeung LWY, Taniyasu S, Horii Y,

Lam PKS, Ebinghaus R (2009) Environ Sci Technol 43:6969–
6975

100. Vaccari DA, Kaouris M (1988) J Environ Sci Health, Part A:
Environ Sci Eng 23:797–822

101. Liu JX, Lee LS (2007) Environ Sci Technol 41:5357–5362
102. Goss KU, Bronner G, Harner T, Monika H, Schmidt TC (2006)

Environ Sci Technol 40:3572–3577

1172 R. Enevoldsen, R.K. Juhler

http://www.umweltbundesamt.de
http://www.umweltbundesamt.de

	Perfluorinated...
	Abstract
	Introduction
	Materials and methods
	Chemicals and standards
	Inline cleanup and chromatography
	Mass spectrometry conditions
	Soils
	Adsorption and desorption

	Results
	Inline cleanup, chromatography and mass spectrometry
	Sorption

	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


