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This paper compares the extraction effectiveness of six different commonly applied extraction techniques for the determinatio
n soil. The techniques included are Soxhlet, Soxtec, ultrasonication extraction, supercritical fluid extraction, microwave-assistedn
nd accelerated solvent extraction. For none of the techniques were the extraction conditions optimized, but instead the extraction
ere based on the experience from previous successful investigation published by a number of research groups worldwide. In
xtraction techniques were capable of producing accurate data for one native PCB contaminated soil diluted with another soil samp
wo concentration levels. It could therefore be concluded that any of the investigated techniques can be used with success if th
onditions applied are chosen wisely.
2005 Published by Elsevier B.V.
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. Introduction

Polychlorinated biphenyls (PCB) have been among the
ost studied environmental contaminants for more than three
ecades. Large efforts have been made to find major sources
nd pathways of PCBs in the environment, and to determine

he chemical and biological stability of PCBs, as well as
heir toxicity[1,2]. Soxhlet extraction has been the traditional
ethod used for extraction of PCBs from soils and sediments

ollowed by clean-up over acid silica[3–5]. These methods
sually require large amounts of solvent and are often carried
ut for 20 h or more[3–7]. As the demands for minimizing
olvent consumption and time has increased, new extraction

∗ Corresponding author. Tel.: +46 46 2229468; fax: +46 46 2224544.
E-mail address:erland.bjorklund@analykem.lu.se (E. Björklund).

techniques have been developed during the last three de
[8–11].

An improved extraction technique, based on the Sox
system, is Soxtec, which was invented in the early 19
[12] and commercialized in 1982[10]. Soxtec is a two-ste
procedure, involving a boiling and a rinsing step, which d
tically reduces the total time of extraction. It has been us
several applications to extract organochlorine contamin
from solid samples[13–18].

A common conventional alternative to Soxhlet
ultrasound-assisted extraction, which has been applie
the extraction of PCBs from various solid environmental s
ples[6,15,19–23]. One reason for applying acoustic ene
is that it enhances soil washing. The predominant me
nisms for this washing are mechanical, and include abra
of suspended soil in slurries leading to surface remov

021-9673/$ – see front matter © 2005 Published by Elsevier B.V.
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the contaminants, and improved solvent leaching of contam-
inants from the interior of particles[24]. A good example
of the effects of ultrasonication is a destruction experiment
performed of a tetra-chlorinated PCB, where it was found
that desorption from the matrix no longer was a very limiting
factor when applying ultrasounds to remove the contaminant
from a synthetic sediment[25]. In the present study, a pre-
viously developed ultrasonication extraction (USE) method
was tested[26].

Apart from the above more conventional extraction
methods three more recent techniques were also investi-
gated including supercritical fluid extraction (SFE)[27]
microwave-assisted extraction (MAE)[28] and accelerated
solvent extraction (ASE)[29]. The main key to shorter
extraction times and reduced solvent consumption with
these techniques is the possibility of working at elevated
temperatures above the boiling point of the solvent. Thereby
the extraction process is facilitated due to increased analyte
desorption and diffusion from the solid matrix.

Analytical-scale SFE was first introduced by Stahl in 1976
[30] but it was not until 1986 that it was applied to the
extraction of persistent organic pollutants (POPs) in environ-
mental samples[31]. The main advantages with SFE are the
possibility of obtaining clean extracts with reduced solvent
consumption and extraction time, where the extracts often
can be analyzed with no further clean-up. In case solid phase
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exhaustiveness of six commonly applied techniques of
today. The extraction conditions have not been optimized
individually for the different methods, but have been chosen
from the comprehensive reference list, which covers some
of the most important articles published on PCB extraction
from soils. It is also based on the authors’ long experience
and knowledge from the field of PCB analysis.

2. Materials and methods

2.1. Chemicals

PCB standards (delivered as neat crystals) IUPAC Nos.
101, 105, 118, 128, 138, 149, 153, 156, 170, 180 and the
soil CRM 481 came from Community Bureau of Reference
(BCR, Brussels, Belgium). Sodium sulphate powder and
granula were purchased from Merck (Darmstadt, Germany)
and BHD Laboratory Supplies (Poole, England), respec-
tively. Rathburn Chemicals Ltd. (Waterburn, Scotland),
deliveredn-hexane,n-heptane, acetone and diethyl ether
(HPLC-grade/glass distilled grade).

2.2. Preparation of materials for the comparison

The two samples used for the comparison study origi-
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raps are used, an additional selectivity step can be ach
rior to the final analysis[32]. Consequently, SFE has be
pplied in several investigations for the extraction of P

rom environmental samples[4–6,33–40].
The first attempts of analytical-scale MAE was perform

y Ganzler et al.[41] using a domestic microwave oven w
olvents normally used in Soxhlet. MAE utilizes the ene
f microwaves to cause molecular movement and rota
f liquids with a permanent dipole leading to a very
eating of the solvent and the sample. Several applica
tilizing MAE for the extraction of PCBs from solid samp
ave been published during the last few years[21,23,42–47].
ince pure alkanes cannot be utilized as extraction sol

or the extraction of POPs from solid samples, solvent m
ures including a polar solvent such as acetone/n-hexane ar
ften used[14,21,23,43,45]. In case alkanes are to be us
eat transformer disks must be utilized inside the extra
ell [44].

One of the latest contribution to the increasing numbe
xtraction techniques is accelerated solvent extraction (A
nd some of the first publications appeared in 1995[48,49].
his technique soon gained wide acceptance since it pro
uantitative extractions with very short extractions times.

echnique is also simple to learn and apply in the lab
ory. Consequently, several publications for the extractio
CBs in solid matrices have been published the last 10

6,7,23,44,50–52].
In this work the accuracy of some of the most impor

lassical methods are compared to techniques tha
ore modern in order to study differences in terms
ated from the same polluted soil collected by an enter
andling contaminated soil. Before use, the soil was d
oderately, ground using an ATOX 3.5 mill (F.L. Smid
openhagen, Denmark) so that more than 99% of the sa
ad a particle size less than 90�m, and homogenized, a

n one procedure. The sample was treated with�-radiation
o reduce the number of viable microorganisms that m
egrade the contaminants. This together with the low co
f water, less than 5%, ensured that the sample was

40]. The number of heterotrophic plate counts (HPC)
riginally (2–3)× 105 g−1 soil and after treatment less th

he detection limit (50–100 HPC/g soil). From this sam
wo sub samples of 15.0 kg were taken and mixed
pproximately 2.2 and 22 g of an industrial soil CRM 4
Community Bureau of References, Brussels, Belgiu
espectively, a sample which is heavily contaminated
CBs[37]. Samples were mechanically mixed for more t
h. Finally, the samples were transferred into cans,
ontaining 100 g. The two samples were labeled low l
LL) and high level (HL). All extractions were carried o
n six replicates using either 1 g HL soil or 2 g LL soil.

.3. Soxhlet

The soil was mixed with 5–7 g of anhydrous Na2SO4 pow-
er, placed in a 22 mm× 80 mm extraction thimble (Scheid

Schuell GmbH, Dassel, Germany), and extracted
00 mln-hexane/acetone (1:1, v/v) for 18 h in a 30 ml Sox
pparatus (4–5 cycles/h). After the extraction, internal s
ards (PCB 35 and PCB 169) were added and the sa
ent through the clean-up procedure.
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2.4. Soxtec

A FOSS Soxtec Avanti 2055 Manuel System (Teca-
tor, Högan̈as, Sweden) was used. The soil was mixed
with 5–7 g of anhydrous Na2SO4 powder, placed in a
33 mm× 80 mm extraction thimble (supplied by the man-
ufacture), and extracted with 50 mln-hexane/acetone (1:1,
v/v) in boiling solvent for 60 min. Thereafter the thimble
was raised to the rinse position for another 60 min. After the
extraction, internal standards (PCB 35 and PCB 169) were
added and the sample went through the clean-up procedure.

2.5. Ultrasonication extraction method

The soil was wetted with ca. 1 ml water before 3–5 ml
acetone/g of soil was added. The samples were sonicated
for 5 min and shaken vigorously for 1 h (HS 501 Digital
Orbital Shaker, IKA, Staufen, Germany). After centrifuga-
tion (10 min at 3000 rpm) the organic phase was transferred
to a separator funnel containing 50 ml of 0.2 M NaCl/0.1 M
H3PO4. Thereafter 3–5 mln-hexane/acetone (3:1, v/v) g−1

of soil was added to the samples, sonicated for 5 min, and
shaken vigorously for 1 h. The organic phase was added to
the previous phase in the separator funnel and shaken. The
water phase was removed to another separator funnel. The
organic phase was put into a round bottom flask. The water
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soil was loaded into extraction cylinders and 1 ml of water
was added together with 25 mln-hexane/acetone (1:1, v/v).
The extraction temperature was 110◦C and programmed as
follows: ramp to temperature for 10 min, hold at temper-
ature for 10 min. Microwave power was 1200 W (100%).
After completed extraction, soil and solvent were separated
in a centrifuge for 10 min and the solvent was decanted
into a bottle. Anhydrous Na2SO4 powder was added to
remove water and the solvent was transferred to a round bot-
tom flask. Thereafter internal standards (PCB 35 and PCB
169) were added and the sample went through the cleanup
procedure.

2.8. Accelerated solvent extraction

A Dionex ASE200 Accelerated Solvent Extractor was
used. The soil was mixed with Hydromatrix and loaded into
Dionex standard 11 ml stainless steel extraction thimbles.
A filter paper (GF/B, Ø 20 mm, Whatman, Kent, UK)
was placed at each end of the thimble. Extractions were
performed with eithern-hexane/acetone (1:1, v/v, ASE A) or
toluene (ASE B) as extraction solvent, both at 2000 psi and
at 100◦C, with a 5 min static extraction (after a 5 min equi-
librium time). After the extraction, the thimble was flushed
with solvent (60%) and purged with nitrogen. Solvent was
collected in 40 ml vials with Teflon septa. Thereafter each
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m cted
i CB
1 anup
p

2

ed to
1 a
4 ool
p l-
i
a ed
w with
5
a red to
a
h

2

nd
t
N car-
r eld
c res-
s on
t
5 ard,
hase was washed twice with 10 mln-hexane/diethyl ethe
9:1, v/v) and the organic phases were added to the roun
om flask. Internal standards (PCB 35 and 169) were a
nd the sample went through the clean-up procedure.

.6. Supercritical fluid extraction

A HP 7680A Supercritical Fluid Extraction Unit (Hewle
ackard, Wilmington, DE, USA) was used. The soil w
ixed with 5–7 g of anhydrous Na2SO4 granular and 1

opper powder. A glass-microfiber filter (GF/B, Whatm
ent, England) was placed at each end of the 7 ml stan
tainless steel extraction thimble to prevent clogging o
ystem. Samples were extracted with CO2 at either 80◦C
nd 305 bar (SFE A, density of 0.75 g/ml) or at 100◦C and
55 bar (SFE B, density of 0.72 g/ml), both with a 5 m
tatic extraction and 30 min dynamic extraction. The fl
ate was set to 1 ml/min (liquid) and the extracted PCBs w
ollected on a solid phase trap containing 1 ml Florisil.
emperature of the nozzle and the trap during the extrac
ere 45 and 20◦C, respectively. The trap was eluted w
ml× 1.4 ml n-heptane, 4 ml acetone and 3 mln-heptane
nly the first 1.4 ml was analyzed. Internal standards (
5 and PCB 169) were added and the volume was adjus
.8 ml. Extracts were ready for analysis without any fur
lean-up.

.7. Microwave-assisted extraction

A CEM MARS 5 Microwave Accelerated Reaction S
em (CEM Corporation, Matthews, NC, USA) was used.
xtraction cell containing the same sample went through
ore identical extraction cycle and the solvent was colle

n another 40 ml vial. Internal standards (PCB 35 and P
69) were added and the sample went through the cle
rocedure.

.9. Sample clean-up

The samples that required clean up were evaporat
ml on a rotary evaporator at 45◦C, and loaded on to
5 cm× 20 mm column. The column contained a glass w
lug, 2 cm of anhydrous Na2SO4, 5 cm of activated si

ca impregnated with 40% (w/w) concentrated H2SO4 and
nother 2 cm of Na2SO4. The column had been pre-wash
ith 50 mln-hexane prior to use. The sample was eluted
0 ml ofn-hexane, and to the eluate was added 1 mln-heptane
s keeper. The eluate was evaporated to 1 ml, transfer
GC-vial and the volume was adjusted to 1.8 ml withn-

eptane.

.10. Dual column gas chromatography

A HP 5890 series II with on-column injection a
wo 63Ni electron capture detectors (300◦C, purged with

2 at 40 ml/min) was used. Hydrogen was used as
ier gas with a linear velocity of 43 cm/s (1.7 bar, h
onstant throughout the analysis by the electronic p
ure control). One microliter was injected on-column
wo parallel coupled columns, a 60 m× 0.25 mm, 0.25�m
0% diphenyl-dimethyl-siloxane HP50+ (Hewlett-Pack
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Palo Alto, CA, USA) and a 25 m× 0.25 mm, 0.25�m 5%
diphenyl-dimethyl-siloxane HP-5ms (Hewlett-Packard) in
series with a 25 m× 0.22 mm, 0.10�m 1,7-dicarba-closo-
dodecarborane-dimethyl-siloxane HT-5 (Scientific Glass
Engineering, Austin, TX, USA). The parallel columns were
connected to a deactivated retention gap (2 m× 0.53 mm
fused silica) with a glass “T”. The temperature pro-
gram was as follows: initial temperature 90◦C held for
2 min, increased to 170◦C at a rate of 20◦C/min and
held for 7.5 min, then increased at a rate of 3.0◦C/min
to 285◦C and held for 8.0 min. Quantification was per-
formed with HP Chemstation Rev A.03.02 and a eight
point power-fit calibration curve in the concentration inter-
val of 0.5–441 ng/ml inn-heptane for the individual PCB
congeners. PCB 35 and PCB 169 were used as internal
standards.

3. Results and discussion

The PCB concentrations to which all other results were
compared were based on Soxhlet extraction for 18 h using
n-hexane/acetone (1:1, v/v).n-Hexane/acetone is one of
the most commonly applied extraction solvents with sol-
vent compositions ranging from 20 to 75% acetone (vol-
ume basis) and with extraction times from 7 to 48 h
[4,5,6,16,17,23,36,37,43,52]. However, 50% acetone inn-
hexane is by far the most common alternative combined with
extraction times between 16 and 24 h. The obtained concen-
trations for the different extraction methods can be seen in
Table 1(HL-soil) and Table 2(LL-soil), while the recov-
eries versus Soxhlet for the individual PCB congeners are
presented for the HL-soil and the LL-soil inFigs. 1 and 2,
respectively.

F
e
d

ig. 1. Recoveries for individual PCB congeners in the HL soil for differen
xtraction (USE), supercritical fluid extraction (SFE), microwave-assisted e
etails are presented in Section2. Error bars represent RSD (%,n= 6).
t techniques compared to Soxhlet concentrations: (a) Soxtec, ultrasonication
xtraction (microwave), (b) accelerated solvent extraction (ASE). Experimental
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Fig. 2. Recoveries for individual PCB congeners in the HL soil for different techniques compared to Soxhlet concentrations: (a) Soxtec, ultrasonication
extraction (USE), supercritical fluid extraction (SFE), microwave-assisted extraction (microwave), (b) accelerated solvent extraction (ASE). Experimental
details are presented in Section2. Error bars represent RSD (%,n= 6).

3.1. Soxtec

In general the Soxtec concentrations are very close to
Soxhlet data for the HL-soil, while they are somewhat
higher for the LL-soil (Tables 1 and 2). This means that
the applied Soxtec method usingn-hexane/acetone (1:1,
v/v) with a 60 min boiling step and a 60 min rinsing
step is capable of replacing Soxhlet. The chosen method-
ology is based on the Soxhlet method and has previ-
ously been used as an alternative to Soxhlet[15,17]. Arm-
net and coworkers found that Soxtec lead to somewhat
improved recoveries and precision as compared to Soxh-
let [17], and from Tables 1 and 2it can also be seen
that the SD values are consistently lower for the Soxtec
data.

3.2. Ultrasonication extraction method

For the USE method, the concentrations obtained are con-
sistently higher for both the HL-soil and the LL-soil, with
the biggest difference for the LL-soil (Tables 1 and 2). This
demonstrates that a correctly performed sonication proce-
dure is capable of producing data similar or better than
those obtained with Soxhlet. The methodology chosen here
involved n-hexane/acetone (3:1, v/v) with two extractions
steps of 65 min each. This solvent mixture has been applied
with success previously with extraction times ranging from
30 min to 12 h, using one to three extraction cycles[6,20,23].
Regarding the SD values there is however no general trend
in that precision is improved for the sonication method com-
pared to the Soxhlet method (Tables 1 and 2).
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3.3. Supercritical fluid extraction

SFE performed at 80◦C with a 5 min static and a 30 min
dynamic extraction (Method A) give concentrations for the
HL-soil which are very close to the Soxhlet data (some con-
geners are even below Soxhlet) while for the LL-soil they are
always exceeding Soxhlet concentrations (Tables 1 and 2).
This extraction temperature has previously been used on a
marine sediment SRM 1944 for which it gave recoveries
close to Soxhlet, even though more highly chlorinated con-
geners such as PCB 192, 206 and 209 showed a decrease of
15% at this relatively modest temperature[5]. Nilsson et al.
[39] compared 80–150◦C on two sediments and found that
150◦C gave much higher recoveries for one sediment, while
for the other they were very close. This indicated that often
reasonable exhaustiveness can be obtained at 80◦C, but for
some matrices, harsher conditions are required. Lee et al.[36]
showed that already at 40◦C, low chlorinated PCBs could
be extracted from sediment, but for more highly chlorinated
PCBs, a temperature of 100◦C is required. InTables 1 and 2,
it can be seen that in the extractions performed at 100◦C
(Method B) the concentrations obtained for the HL-soil were
consequently higher than at 80◦C, while for the LL-soil the
concentrations were nearly identical at 100 and 80◦C. In
general, the SFE B method also gives recoveries that are
similar to the USE method. These SFE data verifies previous
r han
8 ssed
t cases
m tions

as showed by Björklund et al.[38]. They extracted a number
of soils and sediments at 40, 100 and 150◦C and saw that
a small fraction existed which was very tightly attached to
the sediment and only could be released at 150◦C. For CRM
481 this fraction was about 5%, meaning that an additional
increase of 50◦C in this study might have given rise to a small
increase in concentrations in the SFE extracts. However, for
most applications, 100◦C still gives acceptable extraction
efficiencies. Finally, it is notable that the SD is better for SFE
than Soxhlet.

3.4. Microwave assisted extraction

For MAE, the concentrations obtained are consistently
higher for both the HL-soil and the LL-soil, with the largest
difference for the LL-soil (Tables 1 and 2). The applied MAE
method is based onn-hexane/acetone (1:1, v/v) at 110◦C
with an extraction time of 10 min. This solvent mixture is
commonly applied in MAE[14,21,23,42,43,45], even though
alternative solvent exists[15,44,46,47]. A number of differ-
ent temperatures have also been tested ranging from 80 to
155◦C [14,23,42,44,46]. Lopez-Avila and Young evaluated
temperatures from 80 to 145◦C for pesticides in soil and sedi-
ment and found that 80◦C gave similar recoveries compared
to 145◦C [14], while Criado et al. by means of a factorial
design concluded that 110◦C was the optimal temperature
[ ac-
t in
T e
r d the

F l and L Error bar
r

esults that 100◦C leads to more quantitative extractions t
0◦C for some matrices. However, it should also be stre

hat increasing the temperature even further in some
ight give an additional 5–10% increase in concentra

ig. 3. Average PCB recovery for all investigated PCB in the HL soi

epresent RSD (%,n= 6).
46]. Finally, Carro et al. performed their optimized extr
ion at 155◦C [42]. From the concentrations presented
ables 1 and 2it is clear that 110◦C is sufficient to provid
ecoveries higher than those obtained with Soxhlet, an

L soil for different techniques compared to Soxhlet concentrations.s
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Table 1
Determined PCB concentrations in the HL-soil using different extraction techniques
PCB
number

Soxhlet
n-hexane/acetone
18 h

Soxtecn-hexane/acetone
2 min× 60 min

USEn-Hexane/Acetone
2 min× 65 min

SFE A CO2 80◦C
5 min + 30 min

SFE B CO2 100◦C
5 min + 30 min

MAE
n-hexane/acetone
10 min

ASE A
n-hexane/acetone
5 min

ASE B toluene
5 min

ASE A n-hexane/acetone
5 + 5 min

ASE B toluene
5 + 5 min

Concentration
(ng/g)

SD Concentation
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD

101 39.82 2.08 42.91 1.62 46.38 1.75 43.77 0.28 46.07 0.88 47.26 0.62 42.69 1.69 44.91 3.33 48.77 1.05 54.37 3.01
118 10.58 0.94 10.17 0.68 11.02 0.67 11.19 0.35 11.42 0.24 11.34 0.14 9.76 0.45 10.22 0.99 11.28 0.28 13.24 1.19
128 8.99 0.51 9.33 0.37 10.22 0.46 7.39 0.73 8.64 0.31 10.28 0.14 9.06 0.36 9.29 0.44 10.43 0.19 11.51 0.46
138 106.6 6.46 104.5 4.34 113.2 5.86 103.8 3.23 112.8 3.22 111.3 1.93 98.98 2.85 105.5 10.05 113.5 1.22 127.7 5.33
149 96.87 3.62 98.70 2.44 109.8 4.81 100.8 1.43 105.9 2.51 110.7 1.95 106.1 4.23 108.8 6.38 121.8 3.34 131.1 5.52
153 152.0 7.52 140.1 4.12 167.4 8.05 155.8 1.27 166.7 3.43 167.8 2.51 157.9 4.20 167.0 11.04 182.3 3.39 202.6 7.57
156 8.68 0.52 8.18 0.45 8.68 0.40 8.32 0.19 8.94 0.24 8.99 0.17 7.76 0.33 8.09 0.45 9.09 0.23 10.24 0.34
170 68.78 2.29 64.80 1.79 70.66 3.95 61.31 2.69 67.61 2.09 70.92 0.82 58.08 2.82 56.40 2.91 65.50 2.08 66.32 3.72
180 142.7 6.10 140.0 5.94 151.4 8.07 141.8 1.11 151.3 3.87 150.9 1.83 132.7 5.39 131.9 4.79 153.3 3.28 159.5 8.27

Table 2
Determined PCB concentrations in the LL-soil using different extraction techniques
PCB
number

Soxhlet
n-hexane/acetone
18 h

Soxtecn-hexane/acetone
2 min× 60 min

USEn-hexane/acetone
2 min× 65 min

SFE A CO2 80◦C
5 min + 30 min

SFE B CO2 100◦C
5 min + 30 min

MAE
n-hexane/acetone
10 min

ASE A
n-hexane/acetone
5 min

ASE B toluene
5 min

ASE A
n-hexane/acetone
5 min + 5 min

ASE B toluene
5 min + 5 min

Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD Concentration
(ng/g)

SD

101 5.14 0.51 7.16 0.47 6.82 0.44 6.41 0.31 6.47 0.19 6.83 0.37 5.66 0.65 6.02 0.54 6.80 0.21 7.71 0.24
118 1.55 0.11 1.89 0.17 1.79 0.11 2.05 0.14 1.89 0.05 1.75 0.13 1.39 0.15 1.50 0.18 1.70 0.03 2.20 0.22
128 1.36 0.10 1.62 0.10 1.73 0.08 1.37 0.10 1.38 0.04 1.69 0.09 1.41 0.16 1.59 0.08 1.75 0.05 2.10 0.10
138 14.81 0.96 17.00 0.40 17.41 0.85 16.86 0.76 17.16 0.61 16.64 0.62 13.60 1.67 14.37 1.20 16.60 0.59 17.84 0.48
149 14.24 1.19 16.05 0.50 17.42 0.99 16.38 0.70 16.29 0.36 17.51 0.80 14.79 1.71 14.97 1.43 17.99 0.48 19.04 0.80
153 21.33 1.53 21.69 0.92 25.27 1.48 24.47 1.22 24.54 0.71 25.16 1.05 21.00 2.39 21.75 2.26 25.67 0.71 27.56 1.04
156 1.26 0.07 1.41 0.05 1.42 0.10 1.47 0.11 1.40 0.04 1.41 0.08 1.16 0.13 1.26 0.12 1.47 0.04 1.74 0.11
170 7.61 0.39 8.71 0.31 9.06 0.69 8.44 0.51 8.37 0.28 8.67 0.24 6.91 0.83 6.64 0.37 8.59 0.31 8.52 0.25
180 20.17 0.98 21.86 0.61 22.20 1.44 21.96 1.01 21.93 0.59 22.03 0.69 17.65 2.06 17.31 1.63 22.01 0.61 21.88 0.57
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MAE concentrations are nearly identical to those obtained
with the USE method. The extraction time of 10 min applied
also seems sufficient and is close to previous investigations
using extraction times of 5–15 min[14,15,42,44–47]. Inter-
estingly MAE is the technique, which provides the overall
lowest SD-values, of ten even better than the SFE method,
which previously has been shown to give very precise data
sets when solid phase traps are, utilized[39].

3.5. Accelerated solvent extraction

ASE was initially performed at 100◦C using n-
hexane/acetone (1:1, v/v) with a single 5 min extraction step
(ASE A). This resulted in concentrations, which were close
to Soxhlet, or in some cases even below Soxhlet concentra-
tions for both soil types (Tables 1 and 2). When performing
an additional extraction of 5 min with the same solvent, the
concentrations increased substantially for both soil types, and
were now higher than Soxhlet concentrations for both the HL-
and LL-soil, and close to the concentrations obtained with
the USE and the MAE method. These types of observations
regarding extraction cycles have been made before, where as
much as 10% of chlorinated pesticides and PCBs were found
in a secondly applied extraction step[16,51]. Consequently,
two extraction cycles is preferable, and some applications
even make use of a 10 min extraction step in two cycles
[ use
t
h s such
a n
a dif-
f er,
b con-
c using
n luene
b car-
b e
b ell in
c trated
f n of
t ore
c luene
s ause
a s.

3
d

ries
o own
u ndi-
v and
g ngly,
a s of
e data.
T

with two extraction cycles (ASE A 5 + 5). The only exception
to 100% recovery are Soxtec for the HL-soil, SFE at 80◦C
for the HL-soil (SFE A), and ASE withn-hexane/acetone
when applying a single extraction step of 5 min (ASE A 5).
Furthermore the effects of toluene are not very pronounced
when a single 5 min step is applied (ASE B 5), while a 10%
increase in recoveries can be observed for toluene performed
in two steps (ASE B 5 + 5) as compared to any other extrac-
tion technique applied. In conclusion, most of the presented
techniques are capable of providing accurate results in case
the chosen extraction conditions are good enough and based
on previous experience form other investigations. In most
casesn-hexane/acetone is a suitable choice, which should be
combined with working temperatures of 100◦C for the more
recent extraction techniques such as MAE and ASE.
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N. Etxebarria, L.A. Ferńandez, J. Chromatogr. A. 1068 (2005)
229.

[48] B.E. Richter, J.L. Ezzell, D. Felix, K.A. Roberts, D.W. Later, Am.
Lab. 27 (1995) 24.

[49] J.L. Ezzell, B.E. Richter, W.D. Felix, S.R. Black, J.E. Meikle, LC-
GC 13 (1995) 390.

[50] M. Schantz, J.J. Nichols, S.A. Wise, Anal. Chem. 69 (1997) 4210.
[51] E. Björklund, S. Bøwadt, T. Nilsson, L. Mathiasson, J. Chromatogr.

A 836 (1999) 285.
[52] C. Bandh, E. Bj̈orklund, L. Mathiasson, C. N̈af, Y. Zeb̈uhr, Environ.

Sci. Technol. 34 (2000) 4995.


	Comprehensive comparison of classic Soxhlet extraction with Soxtec extraction, ultrasonication extraction,
	Introduction
	Materials and methods
	Chemicals
	Preparation of materials for the comparison
	Soxhlet
	Soxtec
	Ultrasonication extraction method
	Supercritical fluid extraction
	Microwave-assisted extraction
	Accelerated solvent extraction
	Sample clean-up
	Dual column gas chromatography

	Results and discussion
	Soxtec
	Ultrasonication extraction method
	Supercritical fluid extraction
	Microwave assisted extraction
	Accelerated solvent extraction
	Overall comparison of PCB recoveries applying different extraction techniques

	Acknowledgements
	References


