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Abstract

A procedure for the determination of perfluorocarboxylic acids (i.e. PFC7–10A) in sediment by pressurized fluid extraction (PFE), derivati-
z eloped. The
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ation, headspace solid-phase microextraction and GC–MS determination in the negative ion chemical ionisation mode was dev
FE extraction variables such as solvent composition, number and time per extraction cycle, and extraction temperature were optim
ptimum extraction conditions, recoveries exceeding 95% with a limit of detection and RSDs of 0.5–0.8 ng g−1 and 15.5–16.8%, respective
ere obtained. The developed analytical procedure was applied to harbour sediments where PFC8A and PFC10A were detected for the fir

ime at low ppb concentrations (i.e. 8–11 ng g−1).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Perfluorinated organic compounds have unique physical,
hemical, and biological properties, closely related to their
igh-energy carbon fluorine bond[1]. Perfluorinated sur-

actants belong to the class of perfluorinated organic com-
ounds which have arisen awareness because some of them
re globally distributed, environmentally persistent, bioaccu-
ulative and potentially harmful[1–4]. Perfluorinated sur-

actants have been used in different commercial and indus-
rial applications[2–5] as paints, lubricants, PTFE synthe-
is, polishers, food packaging and fire-fighting foams[6].
mong the anionic perfluorinated surfactants, the perfluo-

ocarboxylic acids (PFCAs) have been detected in a vari-
ty of aqueous matrices[7,10–12], biota [7–9] and human
lood [13]. PFCAs have been determined in water sam-
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ples by gas chromatography coupled to mass spectro
(GC–MS) as alkylester derivatives[10,11] or underivatized
by liquid chromatography coupled to tandem mass spect
etry (LC/MS/MS)[7,10,12]. However, very recently, seve
research teams have stated the analytical challenges inv
in the perfluoroalkyl research[14].

The need for analytical methods to determine perflu
nated surfactants in environmental matrices of relevan
highlighted as a requirement for addressing questions a
their occurrence, behaviour, and impact of PFCAs in the e
ronment[4,6]. In this regard, despite the clear advantage
solid-phase microextraction (SPME) in sample prepara
[15], its application to PFCA determination in environm
tal matrices is limited to aqueous matrices[11].

In this work, we are focusing on the development o
analytical procedure for the PFCA determination in ma
sediments for the first time since they can be a sink
PFCAs[16]. In fact, PFCAs are completely ionised (PFC8A,
pKa = 0.5) in seawater and can originate insoluble spec
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Table 1
GC–NCI-MS selected working conditions

Carrier gas Heliuma Reagent gas Ammoniab

Injector temperauture 300◦C Temperature ion source 175◦C
Oven temperature program 50◦C (2 min) to 250◦C (3 min) at 8◦C min−1 Reagent gas pressure 0.019 Pa
Transfer line temperature 240◦C Ion repeller voltage 1.0 V
Splitless time 3 min Scan acquisition 175–750m/z
Solvent delay 11 min Scans s−1 1.32

a Purity 99.999% at 1 mL min−1 constant flow.
b Purity 99.995%.

presence of cationic species which are constituents of sea-
water. Therefore, pressurised fluid extraction (PFE) and
SPME were chosen as they are faster than conventional
extraction techniques and they permit to minimise the use
of solvents. Their determination was carried out by GC–MS
in the negative ion chemical ionisation (NCI) mode due to its
sensitivity and selectivity for the PFCA alkyl ester derivatives
[11]. Therefore, the PFE variables such as solvent com-
position, number of cycles, time per cycle, and extraction
temperature were optimised. The developed analytical pro-
cedure was applied to the determination of PFCAs in harbour
sediments.

2. Experimental

2.1. Chemicals and reagents

The following chemicals were all obtained from
Sigma–Aldrich (Steinheim, Germany): tridecafluorohep-
tanoic (PFC7A, 99%), pentadecafluorooctanoic (PFC8A,
96%), nonadecafluorodecanoic (PFC10A, 98%) and per-
fluorododecanoic acids (PFC12A, 95%). Boron trifluoride
[∼10% (∼1.3 M) in MeOH] was form Fluka (Steinheim,
Germany) methanol, dichloromethane (DCM) and acetone
Suprasolv were purchased from Merck (Darmstadt, Ger-
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and stored at−20◦C in the darkness. The analytical proce-
dure was optimised using previously tested sediment samples
that did not contain PFCAs, and spiked with 10 ng g−1 in
methanol[17]. Extraction was performed after an equilibra-
tion time of the spiked samples overnight.

2.3. Apparatus

An Applied Separations PSE (Allentown, PA, USA)
equipped with 11 mL extraction cell was used for the sed-
iment samples extraction. GC–NCI-MS analysis was carried
out using an Agilent-6890 Plus GC system coupled to an Agi-
lent 5973N MS system (Palo Alto, CA, USA). The selected
column was a ZB-624 column (6% cyanopropylphenyl-94%-
dimethylpolysiloxane, 60 m× 0.25 mm× 1.4�m film thick-
ness) obtained from Phenomenex (Torrence, CA, USA). The
instrumental conditions used for the GC–MS determination
are summarised inTable 1.

2.4. Extraction procedure

Approximately 3 g of freeze-dried, homogenised and
sieved sediment were transferred to the extraction cell and
then filled with previous decontaminated sand. The sam-
ple was then extracted with a solvent mixture and extracts
w ari-
a ycle,
n ature
w ora-
t vial
a s.
A lic
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s ding
P
u sur-
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c hich
h ased
m re was
a L of
t jec-
any). Saturated NaCl solution was prepared using Mi
ater and sodium chloride obtained from Carlo Erba (Mila

taly). Stock and working solutions were all stored at 4◦C.
ea sand thin grain QP from Panreac (Barcelona, Spain
mployed as PFE extraction cell filler. It was heated overn
t 400◦C before its employment. Glassware was washed

he detergent not containing PFCAs and then rinsed well
eionised water, MeOH,n-hexane and then dried at 80◦C

n an oven. Commercially available dimethylpolysiloxa
PDMS 100�m) fibres and SPME holder were provided
upelco (Bellefonte, PA, USA).

.2. Sediment samples

Surface sediment samples (n= 7) were collected in se
ral sampling campaigns during 2002 and 2003 with a
een grab in different sites of Barcelona commercial har
nd marinas, located in the western Mediterranean (Ca
ian coast, NE of Spain). Before the extraction, all sam
ere freeze-dried, homogenised, sieved through a 12�m
ere collected in 50 mL vessels. Different extraction v
bles, such as solvent composition, extraction time per c
umber of static extraction cycles and extraction temper
ere optimised. Extracts were dried, first by rotary evap

ion at 40◦C and then transferred to a 20 mL headspace
nd dried under a gentle N2 stream until complete drynes
fter the surrogate (PFC12A) addition, a precleaned metal
lip, working as a magnetic stirrer, was also added be
ials were sealed with a PTFE septum. Although PFC12A
ight occur in several environmental matrices, it was

dentified in the ones analysed in this study. In this w
everal sediments were analysed with and without ad
FC12A in order to confirm its absence. PFC12A has been
sed in this study as internal standard (IS) and also as
ogate for the derivatisation step. The use of a new me
lip for each extraction avoided the memory effects, w
ave been observed while using the conventional PTFE b
agnetic stirrers. Once it was sealed, a negative pressu
pplied into the vial by a gas tight syringe. Then, 1.0 m

he boron trifluoride derivatising reagent was added by in
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tion through the septum and the vial was heated at 70◦C for
1 h. After the derivatisation reaction took place, 15 mL of
NaCl saturated water was added, also by injection through
the septum. Then, the vial was immersed in a thermostated
water bath at 30◦C and magnetically stirred at 1100 rpm as
described previously[11]. A PDMS fibre was exposed in the
headspace mode during 30 min. Once this extraction period
was finished, the fibre was immediately inserted into the GC
injector at 300◦C during 3 min.

2.5. Quantification

The determination was carried out by GC–MS in the
NCI mode using ammonia as reagent gas. Quantitation of
PFCAs was based on the sum of the ion currents cor-
responding tom/z= [M]−, [M− HF]−, [M− OC4H9F]−,
[M− O2C5H9F]− and [M− O2C5H9F3]. PFCAs calibration
curves were computed as a ratio between the PFCA stan-
dard area to PFC12A surrogate. The correlation between PFC
concentration was determined by assuming a linear regres-
sion with typicalr2 values of 0.992–0.997. Procedural blanks
were under the method detection limits.

3. Results and discussion
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Fig. 1. Optimisation of PFE solvent mixture for the extraction of PFCAs
from sediment. Extraction conditions were three cycles of 10 min at 100◦C
and 14 MPa.

increasing from 100% DCM, hexane/acetone 1:1 and 100%.
ethyl acetate. Extraction with 100% acetone yielded higher
PFC10A recovery but no significant increase was obtained
for the lower homologues (i.e. PFC8A and PFC7A) when
ethyl acetate and acetone were used. Finally, the extrac-
tion efficiency was clearly enhanced when methanol was
used as extractant, especially for PFC8A and PFC7A for
whose results the recovery was more than twice the recov-
ery obtained by using acetone as extracting solvent. The
observed behaviour for the different compounds is in agree-
ment with their polarity; in this way PFC7A, the most polar
compound, showed the lowest recovery. In summary, the
higher the methanol content, the better was the recovery.
Although the differences in the recoveries obtained with ace-
tone/methanol 1:1, acetone/methanol 1:3 and methanol 100%
were not significant, acetone/methanol 1:3 was selected as
the most appropriated solvent mixture compromising PFCA
extraction efficiency and selectivity from sediments.

3.1.2. Extraction time
The extraction time per cycle was evaluated from 2

to 15 min, with acetone/methanol 1:3, doing three extrac-
tion cycles at 100◦C and 14 MPa. According to the results
obtained (not shown), the target analytes present a fast des-
orption and solubilization in the selected solvent mixture, and
therefore, an extraction cycle time longer than 2 min does
n . In

F nt of
P min
w

.1. Optimisation of the PFE procedure

PFE was selected to extract PFCAs because it has al
een successfully applied to the extraction of anionic

actants from sediment[15] and it is competitive versus co
entional solvent extraction techniques in terms of extrac
ime and solvent consumption leading to similar recove
owever, because the specific physicochemical propert

he PFCA perfluorinated alkyl chain, the relevant extrac
ariables such as solvent composition, extraction tem
ure, number of cycles and extraction time per cycle w
ptimised (Sections3.1.1–3.1.3).

.1.1. Solvent composition optimisation
The extraction strategy was to optimise the solvent p

ty aiming to increase the PFCA extraction recovery fr
ediment and to minimise the coextraction of interferen
herefore, a variety of medium to polar extracting ag
ere sequentially evaluated (Fig. 1). Once the compositio
f the extraction agent was selected, other extraction
bles were considered in order to minimise the numb
ycles, solvent usage and extraction time (Fig. 2).

First PFE experiments were performed with three ex
ion cycles of 10 min at 100◦C and 140 bars. With these pre
ected conditions according to previous publications, se
olvents such as hexane, DCM, ethyl acetate, aceton
ethanol as well as different binary solvent mixtures w

valuated. Extraction efficiency for all the analytes incre
ith the solvent polarity. The less polar solvent mixture, h
ne/DCM 1:1, yielded to a very poor extraction recov
ot lead to an improvement in the extraction efficiency

ig. 2. Effect of the extraction temperature on the extracted amou
FCAs from sediment. Extraction conditions were two PFE cycles of 2
ith acetone/MeOH 1:3.
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other words, no significant effect in the extraction yields by
increasing the extraction time per cycle was obtained, and
on the other hand, longer extraction times could lead to the
coextraction of other interfering compounds from the sample.
Thus, only 2 min is enough to achieve a suitable extraction
for all the analytes and this time was used in the subsequent
experiments.

3.1.3. Number of static extraction cycles
Experiments including two, three and four extraction

cycles 2 min long, with acetone/methanol 1:3, at 100◦C and
140 bars, were performed in order to maximise the extracted
amount of analytes. Results (not shown) clearly indicate that
the extraction efficiency remains constant independently of
the number of cycles. In this way, two extraction cycles are
enough to yield a quantitative extraction due to the high affin-
ity of the target analytes for the selected solvent mixture.
Furthermore, despite the obtained extracts were more com-
plex while increasing the cycles number, neither a decrease
of the extraction yield nor the presence of interferences was
observed. Therefore, the next experiments were carried out
with only two extraction cycles.

3.1.4. Extraction temperature
Temperatures ranging from 80 to 120◦C were investigated
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Table 2
Optimal PFE conditions obtained for the extraction of PFCAs from marine
sediments

Amount of solid sample 3 g
Extraction pressure 14 MPa
Extraction temperature 100◦C
Solvent composition Acetone/MeOH 1:3
Static cycle time 2 min
Static extraction cycles Two cycles
Solvent flush 10 s
Purge time 2 min

removing, in this way, the coextracted volatile compounds.
Then, a methylation reaction was applied to the dried extract
followed by headspace SPME (see Section2.4 for more
details). Therefore, only the volatile methyl esters can be
extracted in the headspace with the SPME fibre. Indeed, in
order to decrease the derivatised analytes solubility in the
water phase and therefore increase the Henry constant of the
PFCA methyl esters, a salting out effect with NaCl was car-
ried out [15]. Finally, polydimethylsiloxane fibre (PDMS)
was selected according to the hydrophobicity of the PFCA
methyl esters and the extraction variables previously opti-
mised[15].

3.3. Figures of merit of the analytical procedure

Optimum PFE conditions are summarised inTable 2.
Then, once the PFE procedure was optimised, the qual-
ity parameters of the developed analytical procedure were
assessed by using GC–NCI-MS.Table 3shows the accuracy,
precision and detection and quantification limits obtained for
the target analytes. The method reproducibility was deter-
mined by performing extractions of five sediment samples
spiked at the low ppb level (15–18 ng g−1). The relative stan-
dard deviations (%RSDs) obtained for the PFC8–10A were
from 15.5 to 16.8%. These RSD values are acceptable taking
into account the matrix complexity, the low spiking level and
t pro-
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P 02.8
n order to evaluate the extraction temperature effect. The
cally, better recoveries would be expected when temper
s increased[18] but even if the results obtained show that
ecovery slightly improves by increasing temperature f
0 to 100◦C no significant improvement is obtained betw
00 and 120◦C (Fig. 2). Consequently, 100◦C was selecte
s an adequate extraction temperature. In this work, pre
as not considered as a variable because it is high enou
eep as liquid all the solvents used and 14 MPa was ke
ll the extractions.

.2. Derivatisation and headspace SPME extraction

Because of the complexity of the PFE extract rec
red from sediment since polar solvents are needed (S
.1.1), a cleanup step is mandatory before the PFCA dete
ation by any chromatographic technique. Nevertheles
mphiphilic character of the PFCAs makes the cleanup p
ures difficult to achieve. Therefore, an analytical proce
ased on derivatisation and headspace SPME determi
as applied. In fact, the lack of volatility of the PFCAs allo
solvent evaporation to dryness without losses of ana

able 3
ccuracy, precision, limits of detection (LOD) and quantification (LOQ

FCAs Spiked level (ng g−1) Measured (ng g−1) Ac

FC8A 15.0 14.8
FC10A 18.0 18.5 1
a Calculated from the spiked and the measured values.
he several analytical steps involved in the extraction
edure developed. The accuracy defined as the bias
easurement (ratio between measured and actual valu

alculated from the spiked since no reference material
vailable and shown inTable 3. Values were over 95% sho

ng the accuracy of the analytical procedure.
Finally, the limits of detection calculated from the sig

o noise ratio (S/N) observed in samples (S/N = 3) as
s quantification limits (S/N = 10) were in the low ppb le
Table 3), which are acceptable for the monitoring of en
onmental samples taking into account that PFCAs ca

e PFCA determination in sediment

(%)a RSD (%) (n= 6) LOD (ng g−1) LOQ (ng g−1)

16.8 0.8 2.3
15.5 0.5 1.6
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Fig. 3. GC–NCI-MS selected ion chromatogram for a real sediment sample extracted according with the optimal PFE conditions (two cycles of 2 min, 100◦C,
acetone/MeOH 1:3).

accumulated in sediment due to their low solubility in sea-
water.

3.4. Application of the developed methodology

Sediment samples (n= 7) were collected from different
areas of the Barcelona commercial harbour, where some
PFCAs were already identified in seawater samples.Fig. 3
shows the profile obtained for a real sediment sample
extracted using the optimal conditions, where PFC8A and
PFC10A were detected and quantified, being detected in 50%
of samples analysed in the range from 10.4 to 12.4 ng g−1.

The PFCA distribution found in sediments (Fig. 4) reflects
the patterns of fire fighting foams usage containing PFCAs in
the commercial harbour where flammable items are handled.
Indeed, they were not detected (<1.3–2.6 ng g−1) in sampling
sites located in marinas.

4. Conclusions

A method based on PFE and SPME has been developed to
the determination of PFCAs in marine sediments. The SPME
procedure is based on a previous procedure developed for

FCAs i
Fig. 4. Surface distribution of P
 n the Barcelona harbour sediments.
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PFCAs in aqueous matrices[11] and in this work we have
focused on the key variables that might affect the PFE from
sediment. The optimised PFE technique enables the extrac-
tion of PFCAs from sediment with an accuracy exceeding the
95%. The solvent mixture is shown as the most important fac-
tor affecting to the extraction efficiency, while the number of
cycles or the extraction time per cycle are found to be not rel-
evant parameters on the target analytes extraction from sedi-
ments. PFE in combination to SPME and GC–NCI-MS detec-
tion provides a suitable methodology for the PFCA determi-
nation from marine sediments with detection limits in the
low ng g−1 level. The proposed methodology was success-
fully applied to contaminated harbour sediments, showing the
occurrence of both PFC8A and PFC10A at concentrations
from below the detection limit to moderate concentrations
(12 ng g−1).
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