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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) Kith (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
2 in order to convert all compounds into their neutral form. An extraction time of 60 min was found to be optimal. Under these conditions
the recovery of phenol, the most polar compound, was 11%. The recoveries of the other analytes ranged between 42% (2-chlorophenol) and
98% (2,4-dichlorophenol). Calibration was performed using large volume injectionu{l@fection volume). At optimised conditions the
limits of detection were between 0.01 and Q4L and the relative standard deviation«3) was on average about 10%. After the method
optimisation with reagent water membrane-assisted solvent extraction was applied to two contaminated ground water samples from the region
of Bitterfeld in Saxony-Anhalt, Germany. The results demonstrate the good applicability of membrane-assisted solvent extraction for polar
analytes 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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1. Introduction Environmental Protection Agency (EPA) and the European
Union.

Phenolic compounds are present in the aquatic environ- The determination of phenols and chlorophenols is
ment due to their industrial application. These compounds normed by the EPA method 625, which involves liquid-liquid
are generated in the production of plastics, dyes, drugs, pesextraction with dichloromethane, drying and concentration
ticides, antioxidants, paper, and in the petrochemical in- of the extract and analysis with GC-MS. The achieved lim-
dustry. For example, pentachlorophenol is used as a woodits of detection (LODs) range between L&/L (phenol) and
preservative, phenol is emerged from lignin degradation 3.6u.g/L (pentachloropheno]}]. Besides the time consump-
in the production of paper and chlorophenols can be pro- tion of liquid-liquid extraction, the method requires a large
duced from phenols in the chlorinating of drinking water. volume of sample and of toxic organic solvent and is dif-
These processes often lead to waste water and ground waficult to automate. Solid phase extraction (SPE) is another
ter contamination, hence the phenolic compounds are in-often-applied technique for the extraction of pherj@ls4].
cluded in the list of priority pollutants of both the U.S. Additionally to carbon and silica based material there is a

trend towards the usage of polymeric and modified poly-
* Corresponding author. Tel.: +49 341 2352662; fax: +49 341 2352625, Meric sorbents. For example, Castillo et al. described poly-
E-mail addressmanuela.schellin@ufz.de (M. Schellin). meric liquid—solid extraction (LSE). Three different sorbents
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based on polystyrene—divinylbenzene polymers were appliedprior to the introduction of the sample into the chromato-
for a variety of phenolic compounds prior to analysis with graphic systenfi20,21]
LC-UV. LODs between 0.0pg/L (2,4-dichlorophenol) and The method of membrane-assisted solvent extraction
0.8n.g/L (pentachlorophenol) were achievigs]. The usage  (MASE) is described in this paper. The membrane sys-
of pyrole based polymers as sorbents in solid-phase extractem is on-line coupled to the inlet of a programmed-
tion in combination with RP-HPLC-UV for the analysis of temperature—vaporizer of a gas chromatograph with mass-
phenols and chlorophenols led to LODs in the ng/L range selective detection. MASE has been successfully applied for
and to relative standard deviation (R.S.D.) values lower than the determination of non-polar compounds, such as polychlo-
7% (n=5) [6]. Fontanals et al. synthesized a hydrophilic rinated biphenyls (PCBs) and semi-polar compounds (tri-
polymeric resign based on 4-vinylpyridine—divinylbenzene azines, organochlorine and organophosphorus compounds)
for solid-phase extraction of polar compounds from water. [22—26] The purpose of this work was to optimise this
SPE was combined with LC-UV and detection limits were fully automated extraction technique for the determina-
0.2pg/L for phenol[7]. Compared to liquid—liquid extrac-  tion of the very polar phenols (phenol: l&gy: 1.46) and
tion the SPE techniques are easier to automate but still theychlorophenols and to extract these analytes from real water
require a certain amount of organic solvents and can havesamples.
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 2. Experimental
(SPME), which eliminates the need of solvents. SPME has
been applied to the determination of chlorophenols in landfill 2.1. Chemicals and standards
leaches and in wastewati@&-10]. A more polar fibre (poly-
acrylate) is preferred for the analysis of polar compounds  An EPA phenolic standard, consisting of the seven phenols
[9-11] listed in Table 1, with a concentration of 500 mg/L of each

In GC-MS analysis of polar analytes, derivatisation can be phenol was obtained from Supelco (Bellfonte, PA, USA). The
carried out. Derivatisation may lead on the one hand to bettercalibration standard was diluted to a concentration of 10 mg/L
efficiency and chromatographic behaviour, since the polarity in methanol and used to spike 15mL water samples at the
of the compounds is reduced. On the other hand, derivati- ug/L to ng/L level. The solvents methanol and ethyl acetate
sation means an additional step in the sample preparationwere obtained from Merck (Darmstadt, Germany). Reagent
procedure, which can be a source of errors. The combinationwater for optimisation and validation consisted of deionised
of SPE with derivatisation generally requires complicated tap water prepared from an ion-exchange cartridge.
procedures such as purification, extraction and concentration
[12,13] Inthe case of acetylation of the phenols, the pHvalue 2 2 samples
has to be controlled carefully in order to reach optimal ex-

traction yields[14]. Another possibility is the conversion of Two ground water samples of the Bitterfeld region,

the phen0|S into methylated phenols. HOWeVer, this method Saxony_Anhan, Germany were ana'ysed_ After the collec-

requires the use of diazomethane, which is carcinogenic andjon the samples were kept in darkness at@0For quan-

explosive[15]. tification the samples had to be diluted 1:10, 1:50 and 1:100
Membrane-based extraction methods are more and more(corresponding to the calibration range) with reagent water.

applied as sample preparation meth¢tis]. Main advan-

tages are the high degree of selectivity and cleanup from2_3' Membrane-assisted solvent extraction

complicated matrices, the very small solvent consumption

and the possibility for automation and on-line coupling to an-

alytical instruments._bhsson and Mathias_sc§h7,18]devel- produced by Gerstel (fhlheim, Germany) and is described
oped supported liquid membrane extraction (SLM). Aporous i, several paperf23-26} The extraction cell consists of a

membrane, which is soaked with an organic solvent, sep- ., entional 20 mL headspace-vial and is filled with 15 mL
arates the aqueous donor phase from the aqueous acceptor

phase. The pH values of the two aqueous phases are di1°fer—Table 1
ent to prevent the baCk'eXtra_Ct'o_n of the analytes |nt_o the The seven phenols with theft,, values and the selected SIM ions
donor phase. For supported liquid membrane extraction of

phenols in water a system withundecane was used and the

The device of membrane-assisted solvent extraction is

Compound lodKow mz

membrane set-up was coupled to an LC with electrochemical érg:glr ophenol 1%12 1;2' E’g
detection. Detection limits in the ng/L range were achieved , 4_pimethylphenol 20 107, 122
[19]- 2,4-Dichlorophenol 6 162, 164

Membrane extraction methods are also suitable for sam-4-Chloro-3-methylphenol 30 107, 142
ples with high matrix contents. Phenols in crude oil were 2:4.6-Trichlorophenol B9 196, 198

52 266, 268

analysed using silicone membranes as a separation barriefentachiorophenol
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Fig. 1. Optimisation of extraction solvert£ 6.7ug/L, extraction: 50 min, 45C, 750 rpm).

of the aqueous sample. The membrane bag is 4 cm long, has avith an MPS 2. Large volume injection was carried out with
wall thickness of 0.03 mm and an internal diameter of 6 mm. a temperature-programmable injector (CIS 4, Gerstel) pro-
It is attached to a metal funnel and fixed with a PTFE ring. videdwith a septum-less head. One hundred microlitres of the
The material of the membrane bag is dense polypropylene.extracted sample were injected with a 1@d0syringe. The
This synthetic polymer is resistant to most organic solvents injection speed was optimised to Q.8/s. During large vol-
and stays stable during agitation. The membrane bag is placedime injection the inlet temperature was maintained &30
into the vial, which is then closed with a metallic crimp cap. by cooling with liquid nitrogen. The vent pressure was re-
All further steps are carried out automatically with the multi duced to 5kPa and the split vent was set to 100 mL/min.
purpose sampler (MPS 2, Gerstel). The membrane bag isAfter 3.6 s the split valve was closed for 1.6 min and the
filled with 800uL of organic solvent and the vial is trans- liner was heated at a rate of 12/s to 280°C. This tem-
ferred into an agitator. After the optimised agitation time, the perature was held for 1 min, then the split valve was opened
organic phase is withdrawn with a syringe from the mem- and heating was continued with 1@/s to a final tempera-
brane bag and transferred to a 2 mL autosampler vial. Thenture of 330°C (cleaning step). The separation was carried out

large volume injection is performed. using a 30 mx 0.25 mmx 0.25um fused silica column (HP
35, USA). Helium was used as carrier gas at a flow rate of
2.4. Large volume injection (LVI)-GC-MS 1 mL/min (constant flow) and an initial pressure of 53 kPa.

The oven temperature program was as follows:G(6 min),

Chromatographic analyses were performed on an HP 68905 °C/min to 75°C, 20°C/min to 280°C. The ion source tem-
gas chromatograph with an HP 5973 mass selective detecperature of the mass selective detector was set t623the
tor (Agilent Technologies, Waldbronn, Germany) equipped quadrupole to 150C and the transfer line was kept at 2&D.
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Fig. 2. Different extraction conditiong € 6.7ug/L, extraction: 50 min, 45C, 750 rpm).
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The MS operated at 70 eV with electron ionisation. Samples 3.1.2. Preconditioning of the membrane bags

were analysed in the full scan mode (35-400u) for ion se- The membrane bags underwent a preconditioning step in
lection and determination of the background and in single order to remove interfering compounds such as alkanes and
ion monitoring mode (SIM) for optimisation and quantifica- phthalates, which can be coextracted from the membrane ma-

tion. terial. Before application, a twofold extraction at room tem-
perature using cyclohexane was performed. As it was shown
2.5. Data processing in a former work the membrane bags can be reused up to

seven times without losing efficieng4].

All data were recorded in triplicate. For optimisation stud-
ies as well as for the determination of the precision and the 3.1.3. Optimisation of extraction solvent
recovery an agueous standard spiked at a concentration of Since the lowest possible extraction temperature in the
6.7n0/L was used and 1Q0L of the organic extract were  agitator is 35C, the boiling point of the solvent should be
injected. For all experiments the extraction temperature washigher than this temperature. On the other hand, the solvent
set at 45C and the stirring rate at 750 rpm. The extraction has to be volatile enough to be removed through the split
yields were calculated by spiking the same amount of stan- outlet during the large volume injection. For the determina-
dard used for the preparation of the aqueous standard di-tion of PCBs, triazines, organochlorine and organophospho-
rectly into 800uL ethyl acetate. Calibration was performed rus compounds cyclohexane proved to be an optimal extrac-
at seven concentration levels: 0.17, 0.34, 0.67, 1.34, 3.35,tion solven{23-26] so it was tested first. Using cyclohexane,
6.67, 6.67 and 13.4g/L. The precision was determined by the most polar compound, phenol, could not be extracted.
a threefold extraction using three different membrane bags.Obviously a more polar solvent was needed. In a former
Determination of the detection limits was carried out by mea- work, it was noticed, that a water miscible solvent (methanol)
suring blanks consisting of reagent water six times. The de-was not suitable, because it diffuses through the membrane
tection limit was defined as the concentration correspond- into the aqueous phase and the volume of the organic phase
ing to the mean blank value plus three times the standardis strongly reduced after the agitation proc{s]. There-
deviation. fore, ethyl acetate and chloroform were tested as extrac-
tion solvents. As shown iRig. 1 ethyl acetate gave the best
results.
3. Results and discussion

3.1.4. Impact of salt and pH-value

3.1. Optimisation of the working parameters The presence of salt and a change in pH can have a sig-
. _ _ nificant influence on the extraction of organic compounds.
3.1.1. Comparison of different types of liners It was shown that the addition of salt gave rise to a larger

Empty baffled glass liners were used for large volume extraction yield. Also acid conditions to make sure that the
injection. The baffles, which are arranged on one half of phenols and chlorophenols are in their neutral form can im-
the liner extend the surface and lead to a better adhesionprove the extraction yield. Using SPME for the determination
of the compounds during LVI. The commercially available of chlorophenols, salt addition and a pH of 2 led to an increase
glass liners were used in the reverse direction with the bafflesof extraction yield8—11]. When the phenols were first trans-
pointing towards the syringe. These liners were comparedferred into their acetates and then analysed with HS-SPME
with self-made continuously baffled liners, which have an it was also observed that salt addition resulted in higher ex-
even larger surface area. For the analysis of organophosphotraction yields[27]. Applying MASE, a strong salting out
rus pesticides the enrichment of the analytes was on averageffect was determined for organophosphorus pesticides and
about 10% greater when the continuously baffled liners were triazines[23,25,26] Hence, both the impact of salt addition
used25]. Also for the phenols and chlorophenols larger peak and a low pH value was tested. As expected the best results
areas were achieved applying the self-made continuously bafere achieved using a saturated salt solution with a pH value

fled liners, so they were used in all further experiments. of 2 (Fig. 2). Only in the case of pentachlorophenol (Kgy:
Table 2

Validation data for membrane-assisted solvent extraction

Compound R.S.D. (%n=3 Recovery (%) LODgg/L) R2
2-Chlorophenol ) 427 0.036 0.9844
Phenol 183 107 0.049 0.9866
2,4-Dimethylphenol D 524 0.013 0.9911
2,4-Dichlorophenol 8! 984 0.015 0.9944
4-Chloro-3-methylphenol 16 738 0.134 0.9923
2,4,6-Trichlorophenol 15 957 0.009 0.9921

Pentachlorophenol 12 954 0.595 0.9774
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Table 3
Results of the ground water samples (Bitterfeld and Antonie) extraction: 60 mig,4%0 rpm, 5g NaCl, pH 2
Compound Nr. Bitterfeld Antonie
Dilution ¢ (png/L) R.S.D. (%),n=3 Dilution ¢ (png/l) R.S.D. (%),n=3

2-Chlorophenol 1 1:10 794 170 - - -
Phenol 2 1:100 8664 162 1:10 9260 99
2,4-Dimethylphenol 3 1:100 3021 26 1:50 12742 135
2,4-Dichlorophenol 4 1:10 1021 57 1:50 7013 75
4-Chloro-3-methylphenol 5 1:10 1R 42 1:10 8821 129
2,4,6-Trichlorophenol 6 1:10 584 27 1:50 21620 25
Pentachlorophenol 7 1:10 BD 118 1:10 353 148

Abundance 6

500000 5

450000

400000

350000

300000 4

250000

200000

150000

100000

50000

(@) Time-> 13.00 14.00 1500 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00

Abundance 3
500000
450000
400000 2 5
350000
300000
250000 7
200000
150000
100000

50000
1k . U j

A L
(b) Time—>13.00 14.00 1500 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00

Abundance 6
3,4 5

500000

450000 ‘

400000

350000

300000

250000

200000

150000

100000

50000 5 1¥J 7
ﬁ . i 1l

T T T T T f T 1 T T

(c) Time--> 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00

Fig. 3. Chromatograms of (a) the standace 6.7g/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, 4&, 750 rpm, 5g NacCl, pH 2.
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5.12) the addition of salt decreased the extraction yield com- matrix influences, the only compound which could not be de-

pared to a pH 2 solution without salfdble J). tected in the second ground water sample (2-chlorophenol)
was added to the water sample at a concentration f@/L7.
3.1.5. Extraction time Then membrane-assisted solvent extraction and the GC-MS

In MASE an intensive stirring is known to shorten the analysis was performed and a concentration ofxg/2- for
extraction time. Using the MPS 2 the highest possible stir- 2-chlorophenol was determined using the calibration data for
ring rate is 750 rpm. Applying this stirring rate and45ex- reagentwater. The deviation is only 7%, which is by all means
traction temperature, the extraction time was varied betweenacceptable.

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 4. Conclusion
of 60 min was chosen resulting in extraction yields between

10.7% (phenol) and 98.4% (2,4-dichlorophenol). This application shows that membrane-assisted solvent

extraction combined with large volume injection GC-MSis a
suitable method for the analysis of polar compounds in water
samples. Also for real water samples the results are reliable,

Sample analysis was performed under the optimised con-2s Was p:joveﬁl_ bﬁ/ Sp'k'n% onet grom:jn_d tvr\:ater sarlnplltje W'tht.a
ditions: addition of 5 g NaClto each sample, pH value of 2and compound, which was not contained in the sample. erivatl-
60 min extraction time. The results concerning precision, re- sation is not necessary. Problems of liquid—liquid-extraction

covery, detection limits, and calibration data are summarized can t.)e overcome since only a smgll amount qf organic sol-
in Table 2 The standard deviations of the peak areas of the ventis reqt_ured (80fL) and formation of emulsions during
phenols and chlorophenols range from 6 to 18%. The cor- theTqutract;ﬁndp_rO(f:ests fclennottoccutr. d and i ;
relation coefficient of the calibration grapR?) is between € method IS fast, Tully automated and easy to perform.
0.9774 and 0.9944&2 could probably be furtherimproved us- The low-cost ponproperne memb_rane bags are robust, easy
ing a surrogate standard, which is suitable for the investigatedtO hand]e and a}ﬁer a 3|mplt_a cleaning proce_dure.they can be
analytes. The detection limits between 0.01 and@/. are re-applied for different matrices. The extraction yields of the
comparable with those obtained with other extraction meth- phenols and chlorophenols lie in the range of 11-98% using
ods for phenol§5,7,8,10] Considering the recovery of 94% the optimised conditions. Detection limits between 0.01 and
for pentachlorophenol and 74% for 4-chloro-3-methylphenol (ég:%/zlgwere achieved and are lower than those required by
the detection limits of 0.6 and Oulg/L are relatively high, ’

respectively. This is due to the elevated noise in this part

of the chromatogram. The relatively poor recovery for phe-

nol and chlorophenol is due to the high water solubility of References
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