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Abstract

Membrane-assisted solvent extraction (MASE) was applied for the determination of seven phenols (phenol, 2-chlorophenol, 2,4-
dimethylphenol, 2,4-dichlorophenol, 4-chloro-3-methylphenol, 2,4,6-trichlorophenol and pentachlorophenol) with logKow (octanol–water-
partition-coefficient) between 1.46 (phenol) and 5.12 (pentachlorophenol) in water. The extraction solvents cyclohexane, ethyl acetate and
chloroform were tested and ethyl acetate proved to be the best choice. The optimisation of extraction conditions showed the necessity of
adding 5 g of sodium chloride to each aqueous sample to give a saturated solution (333 g/L). The pH-value of the sample was adjusted to
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in order to convert all compounds into their neutral form. An extraction time of 60 min was found to be optimal. Under these c
he recovery of phenol, the most polar compound, was 11%. The recoveries of the other analytes ranged between 42% (2-chloro
8% (2,4-dichlorophenol). Calibration was performed using large volume injection (100�L injection volume). At optimised conditions t

imits of detection were between 0.01 and 0.6�g/L and the relative standard deviation (n= 3) was on average about 10%. After the met
ptimisation with reagent water membrane-assisted solvent extraction was applied to two contaminated ground water samples fro
f Bitterfeld in Saxony-Anhalt, Germany. The results demonstrate the good applicability of membrane-assisted solvent extractio
nalytes like phenols, without the necessity of derivatisation or a difficult and time-consuming sample preparation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Phenolic compounds are present in the aquatic environ-
ent due to their industrial application. These compounds
re generated in the production of plastics, dyes, drugs, pes-

icides, antioxidants, paper, and in the petrochemical in-
ustry. For example, pentachlorophenol is used as a wood
reservative, phenol is emerged from lignin degradation

n the production of paper and chlorophenols can be pro-
uced from phenols in the chlorinating of drinking water.
hese processes often lead to waste water and ground wa-

er contamination, hence the phenolic compounds are in-
luded in the list of priority pollutants of both the U.S.
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Environmental Protection Agency (EPA) and the Europ
Union.

The determination of phenols and chlorophenols
normed by the EPA method 625, which involves liquid–liq
extraction with dichloromethane, drying and concentra
of the extract and analysis with GC–MS. The achieved
its of detection (LODs) range between 1.5�g/L (phenol) and
3.6�g/L (pentachlorophenol)[1]. Besides the time consum
tion of liquid–liquid extraction, the method requires a la
volume of sample and of toxic organic solvent and is
ficult to automate. Solid phase extraction (SPE) is ano
often-applied technique for the extraction of phenols[2–4].
Additionally to carbon and silica based material there
trend towards the usage of polymeric and modified p
meric sorbents. For example, Castillo et al. described p
meric liquid–solid extraction (LSE). Three different sorbe
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based on polystyrene–divinylbenzene polymers were applied
for a variety of phenolic compounds prior to analysis with
LC-UV. LODs between 0.05�g/L (2,4-dichlorophenol) and
0.8�g/L (pentachlorophenol) were achieved[5]. The usage
of pyrole based polymers as sorbents in solid-phase extrac-
tion in combination with RP-HPLC-UV for the analysis of
phenols and chlorophenols led to LODs in the ng/L range
and to relative standard deviation (R.S.D.) values lower than
7% (n= 5) [6]. Fontanals et al. synthesized a hydrophilic
polymeric resign based on 4-vinylpyridine–divinylbenzene
for solid-phase extraction of polar compounds from water.
SPE was combined with LC-UV and detection limits were
0.2�g/L for phenol[7]. Compared to liquid–liquid extrac-
tion the SPE techniques are easier to automate but still they
require a certain amount of organic solvents and can have
a series of many different steps like drying and condition-
ing of the cartridges. Another alternative to extract phenols
and chlorophenols in water is Solid Phase Micro Extraction
(SPME), which eliminates the need of solvents. SPME has
been applied to the determination of chlorophenols in landfill
leaches and in wastewater[8–10]. A more polar fibre (poly-
acrylate) is preferred for the analysis of polar compounds
[9–11].

In GC–MS analysis of polar analytes, derivatisation can be
carried out. Derivatisation may lead on the one hand to better
efficiency and chromatographic behaviour, since the polarity
o ivati-
s ration
p ation
o ted
p ation
[ alue
h ex-
t of
t thod
r c and
e

more
a -
t from
c tion
a an-
a
o rous
m sep-
a cepto
p differ-
e the
d n of
p the
m ical
d ved
[

sam-
p ere
a arrier

prior to the introduction of the sample into the chromato-
graphic system[20,21].

The method of membrane-assisted solvent extraction
(MASE) is described in this paper. The membrane sys-
tem is on-line coupled to the inlet of a programmed-
temperature–vaporizer of a gas chromatograph with mass-
selective detection. MASE has been successfully applied for
the determination of non-polar compounds, such as polychlo-
rinated biphenyls (PCBs) and semi-polar compounds (tri-
azines, organochlorine and organophosphorus compounds)
[22–26]. The purpose of this work was to optimise this
fully automated extraction technique for the determina-
tion of the very polar phenols (phenol: logKow: 1.46) and
chlorophenols and to extract these analytes from real water
samples.

2. Experimental

2.1. Chemicals and standards

An EPA phenolic standard, consisting of the seven phenols
listed in Table 1, with a concentration of 500 mg/L of each
phenol was obtained from Supelco (Bellfonte, PA, USA). The
calibration standard was diluted to a concentration of 10 mg/L
in methanol and used to spike 15 mL water samples at the
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f the compounds is reduced. On the other hand, der
ation means an additional step in the sample prepa
rocedure, which can be a source of errors. The combin
f SPE with derivatisation generally requires complica
rocedures such as purification, extraction and concentr

12,13]. In the case of acetylation of the phenols, the pH v
as to be controlled carefully in order to reach optimal

raction yields[14]. Another possibility is the conversion
he phenols into methylated phenols. However, this me
equires the use of diazomethane, which is carcinogeni
xplosive[15].

Membrane-based extraction methods are more and
pplied as sample preparation methods[16]. Main advan

ages are the high degree of selectivity and cleanup
omplicated matrices, the very small solvent consump
nd the possibility for automation and on-line coupling to
lytical instruments. J̈onsson and Mathiasson[17,18]devel-
ped supported liquid membrane extraction (SLM). A po
embrane, which is soaked with an organic solvent,
rates the aqueous donor phase from the aqueous ac
hase. The pH values of the two aqueous phases are
nt to prevent the back-extraction of the analytes into
onor phase. For supported liquid membrane extractio
henols in water a system withn-undecane was used and
embrane set-up was coupled to an LC with electrochem
etection. Detection limits in the ng/L range were achie

19].
Membrane extraction methods are also suitable for

les with high matrix contents. Phenols in crude oil w
nalysed using silicone membranes as a separation b
r

g/L to ng/L level. The solvents methanol and ethyl ace
ere obtained from Merck (Darmstadt, Germany). Rea
ater for optimisation and validation consisted of deion

ap water prepared from an ion-exchange cartridge.

.2. Samples

Two ground water samples of the Bitterfeld regi
axony-Anhalt, Germany were analysed. After the co

ion the samples were kept in darkness at 10◦C. For quan
ification the samples had to be diluted 1:10, 1:50 and 1
corresponding to the calibration range) with reagent wa

.3. Membrane-assisted solvent extraction

The device of membrane-assisted solvent extractio
roduced by Gerstel (M̈uhlheim, Germany) and is describ

n several papers[23–26]. The extraction cell consists of
onventional 20 mL headspace-vial and is filled with 15

able 1
he seven phenols with theirKow values and the selected SIM ions

ompound logKow m/z

-Chlorophenol 2.15 128, 139
henol 1.46 94, 136
,4-Dimethylphenol 2.30 107, 122
,4-Dichlorophenol 3.06 162, 164
-Chloro-3-methylphenol 3.10 107, 142
,4,6-Trichlorophenol 3.69 196, 198
entachlorophenol 5.12 266, 268
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Fig. 1. Optimisation of extraction solvent (c= 6.7�g/L, extraction: 50 min, 45◦C, 750 rpm).

of the aqueous sample. The membrane bag is 4 cm long, has a
wall thickness of 0.03 mm and an internal diameter of 6 mm.
It is attached to a metal funnel and fixed with a PTFE ring.
The material of the membrane bag is dense polypropylene.
This synthetic polymer is resistant to most organic solvents
and stays stable during agitation. The membrane bag is placed
into the vial, which is then closed with a metallic crimp cap.
All further steps are carried out automatically with the multi
purpose sampler (MPS 2, Gerstel). The membrane bag is
filled with 800�L of organic solvent and the vial is trans-
ferred into an agitator. After the optimised agitation time, the
organic phase is withdrawn with a syringe from the mem-
brane bag and transferred to a 2 mL autosampler vial. Then
large volume injection is performed.

2.4. Large volume injection (LVI)–GC–MS

Chromatographic analyses were performed on an HP 6890
gas chromatograph with an HP 5973 mass selective detec-
tor (Agilent Technologies, Waldbronn, Germany) equipped

with an MPS 2. Large volume injection was carried out with
a temperature-programmable injector (CIS 4, Gerstel) pro-
vided with a septum-less head. One hundred microlitres of the
extracted sample were injected with a 1000�L syringe. The
injection speed was optimised to 0.8�L/s. During large vol-
ume injection the inlet temperature was maintained at 30◦C
by cooling with liquid nitrogen. The vent pressure was re-
duced to 5 kPa and the split vent was set to 100 mL/min.
After 3.6 s the split valve was closed for 1.6 min and the
liner was heated at a rate of 12◦C/s to 280◦C. This tem-
perature was held for 1 min, then the split valve was opened
and heating was continued with 12◦C/s to a final tempera-
ture of 330◦C (cleaning step). The separation was carried out
using a 30 m× 0.25 mm× 0.25�m fused silica column (HP
35, USA). Helium was used as carrier gas at a flow rate of
1 mL/min (constant flow) and an initial pressure of 53 kPa.
The oven temperature program was as follows: 50◦C (6 min),
5◦C/min to 75◦C, 20◦C/min to 280◦C. The ion source tem-
perature of the mass selective detector was set to 230◦C, the
quadrupole to 150◦C and the transfer line was kept at 280◦C.

(= 6.7�g
Fig. 2. Different extraction conditionsc
 /L, extraction: 50 min, 45◦C, 750 rpm).
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The MS operated at 70 eV with electron ionisation. Samples
were analysed in the full scan mode (35–400 u) for ion se-
lection and determination of the background and in single
ion monitoring mode (SIM) for optimisation and quantifica-
tion.

2.5. Data processing

All data were recorded in triplicate. For optimisation stud-
ies as well as for the determination of the precision and the
recovery an aqueous standard spiked at a concentration of
6.7�g/L was used and 100�L of the organic extract were
injected. For all experiments the extraction temperature was
set at 45◦C and the stirring rate at 750 rpm. The extraction
yields were calculated by spiking the same amount of stan-
dard used for the preparation of the aqueous standard di-
rectly into 800�L ethyl acetate. Calibration was performed
at seven concentration levels: 0.17, 0.34, 0.67, 1.34, 3.35,
6.67, 6.67 and 13.4�g/L. The precision was determined by
a threefold extraction using three different membrane bags.
Determination of the detection limits was carried out by mea-
suring blanks consisting of reagent water six times. The de-
tection limit was defined as the concentration correspond-
ing to the mean blank value plus three times the standard
deviation.
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3.1.2. Preconditioning of the membrane bags
The membrane bags underwent a preconditioning step in

order to remove interfering compounds such as alkanes and
phthalates, which can be coextracted from the membrane ma-
terial. Before application, a twofold extraction at room tem-
perature using cyclohexane was performed. As it was shown
in a former work the membrane bags can be reused up to
seven times without losing efficiency[24].

3.1.3. Optimisation of extraction solvent
Since the lowest possible extraction temperature in the

agitator is 35◦C, the boiling point of the solvent should be
higher than this temperature. On the other hand, the solvent
has to be volatile enough to be removed through the split
outlet during the large volume injection. For the determina-
tion of PCBs, triazines, organochlorine and organophospho-
rus compounds cyclohexane proved to be an optimal extrac-
tion solvent[23–26], so it was tested first. Using cyclohexane,
the most polar compound, phenol, could not be extracted.
Obviously a more polar solvent was needed. In a former
work, it was noticed, that a water miscible solvent (methanol)
was not suitable, because it diffuses through the membrane
into the aqueous phase and the volume of the organic phase
is strongly reduced after the agitation process[25]. There-
fore, ethyl acetate and chloroform were tested as extrac-
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. Results and discussion

.1. Optimisation of the working parameters

.1.1. Comparison of different types of liners
Empty baffled glass liners were used for large volu

njection. The baffles, which are arranged on one ha
he liner extend the surface and lead to a better adh
f the compounds during LVI. The commercially availa
lass liners were used in the reverse direction with the ba
ointing towards the syringe. These liners were comp
ith self-made continuously baffled liners, which have
ven larger surface area. For the analysis of organopho
us pesticides the enrichment of the analytes was on av
bout 10% greater when the continuously baffled liners
sed[25]. Also for the phenols and chlorophenols larger p
reas were achieved applying the self-made continuousl
ed liners, so they were used in all further experiments.

able 2
alidation data for membrane-assisted solvent extraction

ompound R.S.D. (%),n= 3

-Chlorophenol 8.0
henol 18.3
,4-Dimethylphenol 7.0
,4-Dichlorophenol 6.4
-Chloro-3-methylphenol 10.6
,4,6-Trichlorophenol 11.5
entachlorophenol 12.7
ion solvents. As shown inFig. 1ethyl acetate gave the be
esults.

.1.4. Impact of salt and pH-value
The presence of salt and a change in pH can have

ificant influence on the extraction of organic compou
t was shown that the addition of salt gave rise to a la
xtraction yield. Also acid conditions to make sure that
henols and chlorophenols are in their neutral form can
rove the extraction yield. Using SPME for the determina
f chlorophenols, salt addition and a pH of 2 led to an incr
f extraction yield[8–11]. When the phenols were first tran

erred into their acetates and then analysed with HS-S
t was also observed that salt addition resulted in highe
raction yields[27]. Applying MASE, a strong salting o
ffect was determined for organophosphorus pesticide

riazines[23,25,26]. Hence, both the impact of salt additi
nd a low pH value was tested. As expected the best re
ere achieved using a saturated salt solution with a pH v
f 2 (Fig. 2). Only in the case of pentachlorophenol (logKow:

Recovery (%) LOD (�g/L) R2

42.7 0.036 0.984
10.7 0.049 0.986
52.4 0.013 0.991
98.4 0.015 0.994
73.8 0.134 0.992
95.7 0.009 0.992
95.4 0.595 0.977
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Table 3
Results of the ground water samples (Bitterfeld and Antonie) extraction: 60 min, 45◦C, 750 rpm, 5 g NaCl, pH 2

Compound Nr. Bitterfeld Antonie

Dilution c (�g/L) R.S.D. (%),n= 3 Dilution c (�g/L) R.S.D. (%),n= 3

2-Chlorophenol 1 1:10 79.74 17.0 – – –
Phenol 2 1:100 866.14 16.2 1:10 92.60 9.9
2,4-Dimethylphenol 3 1:100 304.01 2.6 1:50 127.42 13.5
2,4-Dichlorophenol 4 1:10 103.21 5.7 1:50 70.13 7.5
4-Chloro-3-methylphenol 5 1:10 113.91 4.2 1:10 88.21 12.9
2,4,6-Trichlorophenol 6 1:10 54.64 2.7 1:50 216.20 2.5
Pentachlorophenol 7 1:10 79.50 11.8 1:10 3.53 14.8

Fig. 3. Chromatograms of (a) the standard (c= 6.7�g/L), (b) the first ground water sample (Bitterfeld, dilution 1:10) and (c) the second ground water sample
(Antonie, dilution 1:10) extraction: 60 min, 45◦C, 750 rpm, 5 g NaCl, pH 2.
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5.12) the addition of salt decreased the extraction yield com-
pared to a pH 2 solution without salt (Table 1).

3.1.5. Extraction time
In MASE an intensive stirring is known to shorten the

extraction time. Using the MPS 2 the highest possible stir-
ring rate is 750 rpm. Applying this stirring rate and 45◦C ex-
traction temperature, the extraction time was varied between
5 and 150 min. A strong increase from 5 to 60 min for the
peak areas of all components was noticed. After 60 min the
peak areas increased only slowly or even decreased a bit and
reached the 60 min level again at 150 min. An extraction time
of 60 min was chosen resulting in extraction yields between
10.7% (phenol) and 98.4% (2,4-dichlorophenol).

3.2. Method validation

Sample analysis was performed under the optimised con-
ditions: addition of 5 g NaCl to each sample, pH value of 2 and
60 min extraction time. The results concerning precision, re-
covery, detection limits, and calibration data are summarized
in Table 2. The standard deviations of the peak areas of the
phenols and chlorophenols range from 6 to 18%. The cor-
relation coefficient of the calibration graph (R2) is between
0.9774 and 0.9944.R2 could probably be further improved us-
ing a surrogate standard, which is suitable for the investigated
a
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matrix influences, the only compound which could not be de-
tected in the second ground water sample (2-chlorophenol)
was added to the water sample at a concentration of 6.7�g/L.
Then membrane-assisted solvent extraction and the GC–MS
analysis was performed and a concentration of 7.2�g/L for
2-chlorophenol was determined using the calibration data for
reagent water. The deviation is only 7%, which is by all means
acceptable.

4. Conclusion

This application shows that membrane-assisted solvent
extraction combined with large volume injection GC–MS is a
suitable method for the analysis of polar compounds in water
samples. Also for real water samples the results are reliable,
as was proved by spiking one ground water sample with a
compound, which was not contained in the sample. Derivati-
sation is not necessary. Problems of liquid–liquid-extraction
can be overcome since only a small amount of organic sol-
vent is required (800�L) and formation of emulsions during
the extraction process cannot occur.

The method is fast, fully automated and easy to perform.
The low-cost polypropylene membrane bags are robust, easy
to handle and after a simple cleaning procedure they can be
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nalytes. The detection limits between 0.01 and 0.6�g/L are
omparable with those obtained with other extraction m
ds for phenols[5,7,8,10]. Considering the recovery of 94

or pentachlorophenol and 74% for 4-chloro-3-methylph
he detection limits of 0.6 and 0.1�g/L are relatively high
espectively. This is due to the elevated noise in this
f the chromatogram. The relatively poor recovery for p
ol and chlorophenol is due to the high water solubility

hese compounds. Applying SPME for the extraction of p
ols and chlorophenols in wastewater the recovery is

ess; 1% for phenol and 3% for 2-chlorophenol[9]. In an-
ther SPME-application, the recovery is 12% for phenol
.3% for 2-chlorophenol. These results are explained d

he low octanol–water-partition-coefficient of the compou
nd therefore their low affinity to the SPME phase[10].

.3. Ground water samples

After the method development based on reagent w
he method was applied to real samples. Since phenol
hlorophenols are often found in water, two contamin
round water samples of the Bitterfeld region in Saxo
nhalt, Germany were analysed under optimised condit

n order to give consideration to the calibration range the
les were diluted 1:10, 1:50 and 1:100. Quantification
arried out using the calibration data for reagent water.
btained extracts of the ground water samples were very
nd free of particles. InTable 3, the average results of thr
easurements are listed andFig. 3shows the chromatogram
f a standard and the two ground water samples. To te
e-applied for different matrices. The extraction yields of
henols and chlorophenols lie in the range of 11–98% u

he optimised conditions. Detection limits between 0.01
.6�g/L were achieved and are lower than those require
PA 625.
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