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Abstract

Exposing a microlitre organic solvent drop to the headspace of an aqueous sample contaminated with ten chlorobenzene compounds proved
to be an excellent preconcentration method for headspace analysis by gas chromatography–mass spectrometry (GC–MS). The proposed
headspace single-drop microextraction (SDME) method was initially optimised and the optimum experimental conditions found were: 2.5�l
toluene microdrop exposed for 5 min to the headspace of a 10 ml aqueous sample containing 30% (w/v) NaCl placed in 15 ml vial and stirred
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t 1000 rpm. The calculated calibration curves gave a high level of linearity for all target analytes with correlation coefficients rangin
.9901 and 0.9971, except for hexachlorobenzene where the correlation coefficient was found to be 0.9886. The repeatability of th
ethod, expressed as relative standard deviation varied between 2.1 and 13.2% (n= 5). The limits of detection ranged between 0.003
.031�g/l using GC–MS with selective ion monitoring. Analysis of spiked tap and well water samples revealed that matrix had little
xtraction. A comparative study was performed between the proposed method, headspace solid-phase microextraction (SPME)
xtraction (SPE) and EPA method 8121. Overall, headspace SDME proved to be a rapid, simple and sensitive technique for the
hlorobenzenes in water samples, representing an excellent alternative to traditional and other, recently introduced, methods.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chlorobenzenes are a class of environmental pollutants
sed as industrial solvents, pesticides, dielectric fluids,
eodorant and chemical intermediates. Their presence in the
nvironment is a result of uncontrolled release of solid/liquid
ffluents as well as industrial atmospheric discharges[1]. It is
ell known that once chlorobenzenes enter the aquatic envi-

onment they tend to accumulate on living organisms[2].
his is of great concern given that chlorobenzenes feature
rominently within several listings of priority hazardous sub-
tances due to their acute toxicity. Hexachlorobenzene and
,4-dichlorobenzene were the first compounds included in

he Third and Fifth (respectively) Annual Report on Carcino-
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gens in the US Department of Health and Human Servic
reasonably anticipated to be a human carcinogens bas
sufficient evidence of carcinogenicity in experimental
mals [3]. A number of chlorobenzene compounds are
included in the Council Directive 76/464/EEC[4] on pollu-
tion caused by certain dangerous substances discharge
the aquatic environment of the Community, and under
Water Framework Directive 2000/60/EC[5]. In light of this,
research is directed towards developing inexpensive, s
and efficient sample preparation and analytical technique
the detection of trace quantities of these compounds in w
samples.

In general, liquid–liquid extraction (LLE)[6,7] and solid-
phase extraction (SPE)[8,9] are the most commonly us
sample pretreatment methods for the isolation and/or en
ment of chlorobenzenes. An alternative preconcentr
method for aqueous samples is solid-phase microextra

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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(SPME), according which, analytes partition between the
stationary phase on a SPME fibre and the sample until equi-
librium is achieved[10]. In SPME, there are two main types
of SPME sampling: immersion sampling where the fibre
is immersed into the aqueous solution and headspace sam-
pling where the fibre is exposed to the headspace above
the liquid (or solid) sample[11]. Immersion sampling is
widespread in the SPME approach but for volatile com-
pounds and dirty samples the headspace mode is preferred as
it results into faster equilibration times and higher selectivity.
Regarding the analysis of chlorobenzenes in water samples
the headspace sampling mode has been previously reported
[12], although immersion SPME has been used for the deter-
mination of fibre-water distribution constants[13] and testing
a recently proposed semi-empirical model[14].

An attractive alternative to traditional and recently intro-
duced extraction techniques is solvent microextraction,
which is based on the miniaturisation of the traditional
liquid–liquid extraction method, by greatly reducing the sol-
vent to aqueous ratio. Single-drop microextraction (SDME)
evolved from this approach where the extractant phase is a
drop of a water-immiscible solvent suspended in the aque-
ous sample[15]. In 2001, the possibility of using a hanging
microlitre solvent drop (headspace SDME) to achieve pre-
concentration in headspace analysis of volatile organic com-
pounds (VOC) in an aqueous matrix was reported for the first
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n-heptane, methanol and acetonitrile) were of pesticide grade
and were also obtained from Riedel-de Haën (Seelze, Ger-
many). Deionised water was prepared on a water purification
system (EASYpure®RF) supplied by Barnstead/Thermolyne
Corporation (Dubuque, IO, USA).

Standard stock solutions of 500 mg/l of target compounds
were prepared in acetonitrile/methanol (50/50, v/v). All solu-
tions were stored in the dark at 4◦C. Working solutions
were prepared by dilution of standard stock solutions with
deionised water. Sodium chloride (Merck, Darmstadt, Ger-
many) was used to adjust the ionic strength of the aqueous
samples.

Recovery studies were carried out using tap water obtained
from the main area water-supply network of Chania (Greece)
and well water obtained from a well in the Monastery of Agia
Triada, in the Kounoupidiana area, Chania. Preliminary anal-
yses on tap water and well water samples under the full-scan
and selective ion monitoring (SIM) mass spectrometry modes
ensured that they were free of all target analytes. All samples
were collected in 250 ml Pyrex borosilicate amber glass con-
tainers with caps, lined with aluminium foil. They were stored
in the dark at 4◦C and were analysed without previous treat-
ment or filtration within 48 h of collection. Before extraction,
the ionic strength of the water samples was adjusted to the
one required by the extraction method used.

2

pace
S olu-
t tes,
w lass
c lco,
B m
i fore
( que-
o hould
b tion
l e each
h

uz
A edle
t
t ped
a ntifi-
c h
a The
m rough
t low
t d the
2 space
a tition
b tem-
p ise
s
r ated
ime[16,17]. There are very few reports dealing with this n
reconcentration methodology, which represents an em

ng field of study due to the inherent advantages of being
nexpensive, precise and virtually solventless[18–25].

The objective of the present work is to investigate for
rst time, the possibility of using headspace SDME for
nalysis of ten chlorobenzenes in water samples. The
osed method was optimized by controlling parameters
s extraction solvent, drop volume, headspace/aqueous
le volume, agitation speed, ionic strength and sampling
he performance of the developed protocol was evaluate
ompared to that of other extraction methods.

. Experimental

.1. Chemicals and aqueous samples

The ten chlorobenzene compounds considered in
ork were: 1,3-dichlorobenzene (1,3-DCB), 1,4-dichlor
nzene (1,4-DCB), 1,2-dichlorobenzene (1,2-DCB), 1

richlorobenzene (1,3,5-TCB), 1,2,4-trichlorobenzene
-TCB), 1,2,3-trichlorobenzene (1,2,3-TCB), 1,2,4,5-t
chlorobenzene (1,2,4,5-TeCB), 1,2,3,4-tetrachloroben
1,2,3,4-TeCB), pentachlorobenzene (PCB) and
chlorobenzene (HCB) were obtained from Riede
aën (Seelze, Germany). A toluene solution of 1
ibromobenzene (1,4-DBB) (Riedel-de Haën, Seelze
ermany) was prepared and used as the internal sta

olution. All organic solvents (namely toluene,n-hexane
-

.2. Headspace SDME

Unless otherwise stated within the text, for heads
DME, 10 ml of a salted (30%, w/v NaCl) aqueous s

ion spiked at a known concentration with all target analy
as placed in a 15 ml crimp top glass vial containing a g
oated stirring bar and fitted with a Mininert Valve (Supe
ellefonte, PA, USA). Magnetic stirring (typically 1000 rp

.e. 90% of the stirrer’s maximum speed) was applied be
allowing thus equilibrium to be attained between the a
us and gaseous phases) and during extraction. It s
e mentioned here, that in order to eliminate volatilisa

osses, all aqueous samples were freshly prepared befor
eadspace SDME extraction.

A 10�l Hamilton Gastight syringe (Hamilton Bonad
G, Bonaduz, Switzerland), Model 1701, with a bevel ne

ip (length: 5.1 cm, i.d.: 0.013 cm, bevel 22◦), typically con-
aining 2.5�l of the appropriate organic solvent was clam
bove the vial containing the water sample. For all qua
ation experiments, 2.5�l of toluene solution spiked wit
10 mg/l of the internal standard was used instead.
icrosyringe was then lowered and its needle passed th

he Mininert valve until the tip of the needle was 1 cm be
he lower surface of valve. The plunger was depressed an
.5-�l drop of the organic phase was exposed to the head
bove the sample. The analytes were then allowed to par
etween the headspace and the organic phase at room
erature (22◦C; air-conditioned) for 5 min (unless otherw
tated within the text). After extraction, 1.2�l of solvent were
etracted into the microsyringe and transferred to the he
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injection port of the gas chromatograph–mass spectrometer
(GC–MS) for analysis.

2.3. GC–MS analysis

All analyses were carried-out on a Shimadzu GC-17A,
Version 3, QP-5050A Gas Chromatograph/Mass Spectrom-
eter system (Shimadzu Corporation, Kyoto, Japan) equipped
with a 30 m× 0.25 mm 0.25�m HP-5MS capillary col-
umn (Agilent Technologies). The injector was maintained at
200◦C and operated in the splitless mode with the split closed
for 5 min. Helium (>99.999% pure) was used as the carrier
gas at a flow-rate of 1.2 ml/min. The column oven was initially
set at 40◦C for 4 min, programmed to 130◦C at a 5◦C/min
rate, and finally to 220◦C at 10◦C/min rate, where it was
held for 2 min. The interface temperature was set at 240◦C
and the detector voltage at 1.50 kV. A 10 min solvent cut
time was allowed for all analyses. The ionization mode was
electron impact (70 eV). A SIM program was constructed for
GC–MS acquisition and quantification. Acquisition of data
was divided in five ion sets (each one having specific ions
for the compounds eluting at this time frame) with acqui-
sition starting at 11.50 min for ion set 1, 15.00 min for ion
set 2, 20.00 min for ion set 3, 25.00 min ion set 4 and finally
28.00 min for ion set 5. The base peak ion of each analyte was
chosen as the quantifying ion and two other significant ions
w was
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(3786.4 Pa). Toluene has been successfully used in the past
for the dynamic headspace liquid-phase microextraction of
five chlorobenzene compounds (1,3,5-TCB, 1,2,3,4-TeCB,
1,2,4,5-TeCB, PCB and HCB) from soil samples, where the
microsyringe barrel is used as a separatory funnel, featur-
ing the repeated movement of the syringe plunger[25]. It
should be mentioned here that although octanol is commonly
employed in headspace SDME, the possibility of using this
extraction solvent was not investigated given that its solvent
peak was found to interfere with the target eluting analytes
[25].

In a separate set of experiments, the effect of the organic
drop volume was investigated. Accordingly, toluene drop vol-
umes of 2, 2.5 and 3�l were exposed separately for 5 min at
22◦C (air-conditioned) to the headspace of 10 ml aqueous
solution spiked at 50�g/l with all target analytes and stirred
at 1000 rpm. As expected, increasing the organic drop volume
from 2 to 2.5�l, resulted in an increase of the extraction effi-
ciency. However, a further increase of the toluene drop from
2.5�l to 3�l decreased extraction and the resulting analyti-
cal signal was approximately the same as for the 2�l toluene
drop. This is not the first time that such a trend in extraction
is observed while investigating the effect of the organic drop
volume [18,20]. For example, a recent report investigated
headspace SDME analysis of polycyclic aromatic hydrocar-
bons in 6 ml water samples, after exposing for 12 min in
t .5
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ere selected as qualifying ions. Overall, quantification
ased on the following target ions (m/z) 1,3-DCB: 146, 1,4
CB: 146, 1,2-DCB: 146, 1,3,5-TCB: 180, 1,2,4-TCB: 1
,4-DBB: 236 (internal standard), 1,2,3-TCB: 180, 1,2,
eCB: 216, 1,2,3,4-TeCB: 216, PCB: 250 and HCB: 2
rior to quantification in the SIM mode, the full scan m
m/z40–350) was used for identification of all target co
ounds based on their mass spectra and GC retention

. Results and discussion

.1. Optimisation of headspace SDME

The first step in the optimisation procedure was to se
n appropriate extraction solvent. Accordingly, high-pu

oluene,n-hexane andn-heptane were tested as poten
cceptor phases. Solvent selectivity was evaluated
xposing for 5 min 3-�l organic solvent drop to the headsp
f a 15 ml glass vial containing 10 ml deionised water s
les, stirred at 1000 rpm and spiked at 50�g/l with all target
nalytes. From the three tested solvents,n-hexane had the te
ency to evaporate in faster rates once exposed to the air
robably due to the fact that it had the higher vapour p
ure (20131.7 Pa) when compared to the others.n-Heptane
as found to be more resistant to evaporation due to its l
apour pressure (6132.8 Pa) and resulted in enhanced e
ion of target analytes when compared ton-hexane. Overal
oluene gave the best results by combining the highest ex
ion efficiency as well as having the lowest vapour pres
t

-

he sample-headspace 1-butanol drop volumes up to 3�l
20]. The authors reported that increasing the drop vol
p to 3�l, resulted in enhanced extraction efficiency. H
ver, the 3.5�l 1-butanol drop resulted in decreased respo
f the analytical instrument and the authors concluded

he unfavourable effect of larger organic drop volume
ttributed to insufficient equilibration time[18,20]. In gen-
ral, diffusion coefficients in the gas phase are much la

han the corresponding diffusion coefficients in conden
hases and as such mass transfer in the headspace is a

o be a fast process[16]. Furthermore, during headspa
DME, headspace convection is induced due to stirrin

he aqueous phase. Nonetheless, the microdrop is exp
o be stagnant and consequently mass transfer into the d
y diffusion alone, representing thus a slow step in the ov
xtraction procedure and explaining the extended equil
ion times needed for larger organic solvent drops[16]. Based
n these considerations, it was decided to use a 2.5�l toluene
rop for all subsequent experiments.

In order to evaluate the effect of aqueous sample
me upon extraction, additional experiments were perfor
sing 15 ml vials containing sample volumes ranging fro

o 10 ml. For these experiments, the variation of the ana
al response of the instrument was monitored after expo
.5-�l toluene drops for 5 min at 22◦C (air-conditioned

o the headspace of 5, 7 and 10 ml aqueous solutions
ne spiked at 50�g/l with all target analytes and stirred
000 rpm. As expected, increasing the aqueous sampl
me resulted in a net increase of the analytical signal[15],
iven that the total amount of analytes present in the sol
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Fig. 1. Effect of sampling time on the extraction efficiency of headspace
SDME used for the analysis of chlorobenzenes in water samples. Other
experimental conditions: 50�g/l concentration level; 10 ml aqueous sample
in 15 ml glass vial; 2.5�l toluene drop volume; 1000 rpm stirring rate.

and accordingly, the amount of target pollutants transferred in
the headspace is larger. Furthermore, the headspace volume
is decreased, and as such a net increase of the total amount
of analytes to be extracted is also expected. Thus, for all sub-
sequent experiments a 10 ml aqueous sample volume (5 ml
headspace volume) was used.

As stated previously, stirring the aqueous sample results
in a degree of convection of the headspace. Increasing the
speed of sample agitation is expected to enhance the rate
of extraction of all target analytes, suggesting thus that the
aqueous-phase mass transfer corresponds to a limiting step
in extraction[16]. In a separate set of experiments the effect
of sample agitation on extraction was investigated. For the
purpose of these experiments a 2.5�l toluene drop was used
each time to extract for 5 min, at 22◦C (air-conditioned),
water samples containing 50�g/l of all target analytes and
stirred at different agitation rates (namely: 0, 400, 700, 1000
and 1250 rpm). As expected, the results revealed that agita-
tion dramatically enhanced extraction reaching a maximum at
1000 rpm. At 1250 rpm (maximum speed of the magnetic stir-
rer), the stability of the drop was affected and depending on
the analyte the resulting analytical signal either decreased or
remained the same (when compared to 1000 rpm)[24]. Based
on these observations stirring of the sample at 1000 rpm was
selected, optimising thus the extraction efficiency for all tar-
get analytes.
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Fig. 2. Effect of ionic strength on the extraction efficiency of headspace
SDME used for the analysis of chlorobenzenes in water samples. The ratio
of peak areas at various salt concentrations to the peak area without salt
(Ai /A0) is given as a function of the ionic strength of the aqueous solution.
Other experimental conditions: 50�g/l concentration level; 10 ml aqueous
sample in 15 ml glass vial; 2.5�l toluene drop volume; 1000 rpm stirring
rate; 5 min sampling time.

after sampling the headspace for 5 min are PCB and HCB.
Nonetheless, for quantitative headspace SDME analysis, it is
not necessary for the analytes to have reached equilibrium,
only to allow sufficient mass transfer into the organic drop
and exact reproducible extraction time[17,23]. To avoid inci-
dents of drop evaporation, due to increased exposure times, a
5 min sampling period was selected for all subsequent anal-
yses.

In order to examine the effect of ionic strength of the
sample matrix on extraction (salting-out effect)[23,24,26], a
series of experiments were carried out with the aqueous sam-
ples containing each time different amounts of NaCl. For the
purpose of these experiments, 10 ml aqueous solutions spiked
at 50�g/l with all target analytes and having a salt content
ranging from 0 to 30% (w/v) NaCl were extracted using 2.5-
�l toluene drops for 5 min. The results are depicted inFig. 2,
where the ratio of peak areas at various salt concentrations
(Ai ) to the peak area without salt (A0) is given as a function
of the ionic strength of the aqueous solution, demonstrating
thus the positive effect of salt on extraction. On the whole,
the presence of salt greatly enhanced extraction for all target
analytes, reaching a maximum at 30% (w/v) NaCl salt con-
tent. Based on these observations, it was decided to maintain
the salt content at 30% (w/v) NaCl for all subsequent exper-
iments.

Overall, the optimised extraction conditions found in the
p ed
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t final
a d the
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a arget
a e 31
a

Headspace SDME is an equilibrium rather than an exh
ive extraction technique[24]. In this context, a series
piked-water samples were prepared and the variation
nalytical signal for each analyte was studied as a functi
xposure time. For the purpose of the present experim
2.5�l of toluene drop was exposed for 1–7 min to

eadspace of 10 ml aqueous sample containing 50�g/l of
ach target analyte and stirred at 1000 rpm. Longer extra

imes were avoided as they typically resulted in signific
olvent evaporation. On the basis of the curves obta
Fig. 1) the only analytes, which appear to reach equilibr
resent studies were: a 2.5�l toluene microdrop was expos
or 5 min to the headspace of a 10 ml aqueous sample
aining 30% (w/v) NaCl placed in a 15 ml vial and stirr
t 1000 rpm. Under these optimum experimental condi

he enrichment factor defined as the ratio between the
nalyte concentration in the organic acceptor phase an

nitial analyte concentration within the sample was evalu
nd was found to range between 157 and 92 for most t
nalytes except for PCB and HCB that were found to b
nd 17, respectively.
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3.2. Evaluation of headspace SDME performance

The performance of the proposed method was evaluated
by extracting for 5 min the headspace of 10 ml aqueous solu-
tions containing 30% NaCl (w/v) stirred at 1000 rpm and
spiked with all target analytes using five concentration lev-
els ranging from 0.02 to 50�g/l. It should be mentioned
here, that for all quantification experiments, the organic sol-
vent acceptor phase consisted of a toluene solution of the
internal standard. The calculated calibration curves gave a
high level of linearity for all target analytes with correla-
tion coefficients (r2) ranging between 0.9901 and 0.9971,
except for HCB where the correlation coefficient was found
to be 0.9886 (Table 1). Furthermore, the repeatability of the
proposed method, expressed as relative standard deviation
(RSD), was evaluated by extracting five consecutive aqueous
samples spiked at 1�g/l with each target analyte and was
found to vary between 2.1 and 13.2% with a mean value of
6.7% (Table 1).

The limits of detection (LODs) for all target analytes
(Table 1) were determined according to published guide-
lines at a signal-to-noise ratio (S/N) of three[27]. They were
found to be in the low�g/l level ranging between 0.003 and
0.031�g/l.

Table 1also provides the reported LODs values found in
the literature for the analysis of chlorobenzenes in water sam-
p elec-
t en
a e
S e
L hose
o ell
a esent
o e two

methods have comparable LODs for most target analytes,
with the exception of PCB and HCB. Nonetheless, headspace
SDME is a much faster extraction method given that these
LOD values were obtained after sampling the water samples
for only 5 min instead of 30 min used in the case of headspace
SPME. Furthermore, contrary to SPME, the present method
requires no dedicated and expensive instrumentation min-
imising thus the costs of analysis per sample.

During the present investigations, matrix effects upon
extraction were also evaluated by investigating the applicabil-
ity of the proposed method to determine chlorobenzene con-
tamination in natural water samples. Although less applicable
when performing headspace analysis of volatile compounds,
it is possible that the developed headspace SDME method as
an equilibrium technique, may undergo competitive adsorp-
tion to suspended solids present in the aqueous matrix, reduc-
ing thus the quantity of analyte transferred into the headspace
and as a result into the organic acceptor phase. Analyte losses
to suspended solids may be more difficult to control[29],
and there is always the need to determine their extent. In this
context, two separate sets of experiments were performed
by extracting in five replicate runs and under the optimised
experimental conditions all target analytes from tap and well
water samples spiked at 1�g/l with each chlorobenzene com-
pound. It should be mentioned here, that all samples were
initially analysed (under the full-scan and MS–SIM condi-
t . For
e ined
a l and
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M ater sa tion (LODs
w method
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t

les when using EPA method 8121 (GC coupled to an
ron capture detector—ECD)[28] and those obtained wh
pplying SPE coupled to GC–MS–SIM[8] and headspac
PME coupled to GC–MS–SIM[12]. As can be seen th
ODs obtained with headspace SDME are superior to t
btained with EPA method 8121 (except for HCB) as w
s with the SPE-based method. Comparison of the pr
ptimised method with headspace SPME shows that th

able 1
ain method parameters for the extraction of chlorobenzenes from w
hen using SPME and SPE technique and the ones reported in EPA

nalyte Correlation
Coefficient (r2)a

RSD (n= 5)
(%)b

LODs
SDME

,3-DCB 0.9933 2.2 0.003
,4-DCB 0.9929 2.1 0.006
,2-DCB 0.9931 4.8 0.006
,3,5-TCB 0.9942 6.7 0.004
,2,4-TCB 0.9912 6.1 0.006
,2,3-TCB 0.9938 7.1 0.006
,2,4,5-TeCB 0.9971 7.5 0.003
,2,3,4-TeCB 0.9964 4.8 0.003
CB 0.9901 13.2 0.016
CB 0.9886 12.9 0.031
a Linear range 0.02–50�g/l (number of calibration points = 5).
b Relative standard deviation (RSD); mean value for five replicate a
c Limits of detection (LODs) were calculated for a three signal to no
d Data taken from reference[28]; EPA 8121 (GC–ECD).
e Data taken from reference[8]; C18 cartridges, 200 ml water samples
f Data taken from reference[12] (PDMS 100�m SPME fibre, 30 min

emperature stirred at 1500 rpm, GC–MS–SIM analysis).
g Not available.
ions) and were found to be free of all target compounds
ach set of experiments the relative recoveries, determ
s the ratio of the concentrations found in environmenta
eionised water samples, spiked at the same contamin

evel, were evaluated[26]. The results summarised inTable 2,
how that for the tap water samples relative recoveries ra
etween 84 and 99% with a mean value of 94%, and fo
ell water samples between 82 and 107% with a mean

mples using the optimized headspace SDME method; Limits of detec)
8121

pace LODs EPA
8121 (�g/l)d

LODs SPE
(�g/l)e

LODs Headspace
SPME (�g/l)f

0.250 0.010 0.006
0.890 NAg 0.006
0.270 0.012 0.006
0.012 0.019 0.004
0.130 0.031 0.004
0.039 0.013 0.004
0.010 0.020 0.003
0.010 0.028 0.003
0.038 0.028 0.004
0.006 0.045 0.006

s; spiking level 1�g/l.
o (= 3).

S–SIM analysis.
pace SPME sampling of 5 ml samples containing 20% (w/v) NaCl, a
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Table 2
Mean relative recoveries and RSD values of the ten chlorobenzene com-
pounds in natural water samples

Analyte Relative recoveries (%) and RSD
values (%) in parenthesesa,b

Tap water Well water

1,3-DCB 96 (4.3) 102 (6.6)
1,4-DCB 84 (10.1) 98 (7.4)
1,2-DCB 94 (6.1) 104 (7.0)
1,3,5-TCB 92 (11.8) 98 (6.5)
1,2,4-TCB 93 (8.0) 107 (11.0)
1,2,3-TCB 91 (9.5) 100 (4.8)
1,2,4,5-TeCB 96 (10.7) 91 (5.4)
1,2,3,4-TeCB 92 (10.1) 88 (4.4)
PCB 99 (11.7) 87 (10.1)
HCB 98 (19.7) 82 (14.0)

a Spiking level: 1�g/l.
b Mean of five replicate analyses.

of 97%. As can be seen, matrix had little effect on the devel-
oped headspace SDME method. Relative standard deviation
values were ranged between 6.0–20% and 4.0–14%, for tap
and well water samples, respectively.

4. Conclusions

A new analytical method comprising headspace SDME
coupled with GC–MS has been developed, quantifying trace
levels of chlorobenzenes in water samples. Sample prepa-
ration time as well as consumption of toxic organic sol-
vents were minimised without affecting the sensitivity of the
method. This easy to use and cost-effective method represents
an attractive alternative to traditional and recently introduced
methods as well as an emerging field of research.
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