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a b s t r a c t

The simultaneous extraction of acidic and basic analytes from a particular sample is a challenging task. In
this work, electromembrane extraction (EME) of acidic non-steroidal anti-inflammatory drugs and basic
�-blockers in a single step was carried out for the first time. It was shown that by designing an appropriate
compartmentalized membrane envelope, the two classes of drugs could be electrokinetically extracted
by a 300 V direct current electrical potential. This method required only a very short 10-min extraction
as chromatography–mass spectrometry
astewater analysis

time from a pH-neutral sample, with a small amount (50 �L) of organic solvent (1-octanol) as the acceptor
phase. Analysis was carried out using gas chromatography–mass spectrometry after derivatization of the
analytes. Extraction parameters such as extraction time, applied voltage, pH range, and concentration
of salt added were optimized. The proposed EME technique provided good linearity with correlation
coefficients from 0.982 to 0.997 over a concentration range of 1–200 �g L−1. Detection limits of the drugs
ranged between 0.0081 and 0.26 �g L−1, while reproducibility ranged from 6 to 13% (n = 6). Finally, the

ethod
application of the new m

. Introduction

With the growing concern over organic pollutants found in
he aquatic environment, a great deal of research effort has been
evoted to identify these pollutants, as well as to recognize
nd understand their fate and potential impacts on the environ-
ent [1,2]. Among these organic contaminants, pharmaceutical

roducts have drawn special attention, especially in developed
ountries. Pharmaceuticals like analgesics, anti-inflammatories,
nti-epileptics and �-blockers have been identified as emerging
nvironmental pollutants of great concern [3–5]. This is because at
he end of their application cycles, these products are discharged
nto sewage systems but are not totally removed even after treat-

ent processes in sewage treatment plants. Consequently, traces
f these drug residues can reach surface and groundwater [6,7].
he existence of pharmaceuticals in aquatic ecosystems presents a
otential hazard to human health if they contaminate our drink-

ng water. In view of this, our work aims to quantitatively and

imultaneously evaluate both acidic and basic drugs in the aquatic
nvironment for proper risk assessment. Our research is also driven
y the demand for more environmentally benign procedures and
he need for reduction in sample preparation time.

∗ Corresponding author. Tel.: +65 6516 2995; fax: +65 6779 1691.
E-mail address: chmleehk@nus.edu.sg (H.K. Lee).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.04.066
to wastewater samples was demonstrated.
© 2010 Elsevier B.V. All rights reserved.

Miniaturization of liquid–liquid extraction to reduce solvent
consumption and multistep extraction has lead to the development
of liquid-phase microextraction (LPME) or single drop microextrac-
tion for non-polar compounds in clean water samples [8–12]. For
complex samples, hollow fiber-protected LPME has been demon-
strated to be effective [13]. For the determination of polar and
ionizable compounds, three-phase liquid–liquid–liquid microex-
traction (LLLME) has been used, in which the final extract is an
aqueous buffer. This technique is more suitable for analysis via
reversed-phase high-performance liquid chromatography (HPLC)
and capillary electrophoresis (CE) [14–16]. The inexpensive hol-
low fiber membranes are disposed after each extraction and this
certainly precludes carryover effects. In all the above techniques,
the extraction mechanism depends on the analytes partitioning
between the sample (donor) solution and the extractant (accep-
tor) phase. Recently, an improvement of LLLME using electrokinetic
membrane extraction was demonstrated: here, the electrokinetic
migration is accomplished by the application of a direct cur-
rent (d.c.) potential difference across the hollow fiber membrane
[17,18]. Compared with conventional LLLME, electrokinetic trans-
port was found to effectively enhance extraction speed, resulting

in the equilibration time for electromembrane extraction (EME)
to be much shorter [19–21]. Hitherto, only a single class of ana-
lytes (either acidic or basic drugs) has been extracted successfully
using EME. In this paper, simultaneous extraction of acidic and basic
analytes from wastewater samples is reported for the first time.

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:chmleehk@nus.edu.sg
dx.doi.org/10.1016/j.chroma.2010.04.066
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Fig. 1. Schematic representatio

lthough further work is required to fully understand the electroki-
etic migration of the analytes in this novel system, we are able
o successfully explore the fundamental extraction parameters in
etail to give a better understanding of the theoretical concepts of
he technique, in this paper. Conditions essential to extraction and
erivatization were optimized and the optimized parameters were
pplied to the analysis of genuine environmental samples.

. Experimental

.1. Materials and chemicals

The Accurel 2E HF (R/P) polypropylene membrane sheet
157 �m thickness, 0.2 �m pore size) was supplied by Mem-
rana (Wuppertal, Germany). The d.c. power supply used
as a multichannel electrophoresis system MCE-PS468 from
E Resources (Singapore) with programmable voltage in the
ange 0–5 kV. The following chemicals were obtained from
igma–Aldrich (Milwaukee, WI, USA): ibuprofen, naproxen, keto-
rofen, propranolol hydrochloride (HCl) and norephedrine HCl.
lprenolol HCl was obtained from Sigma Chemicals (St Louis,
O, USA). Toluene was bought from Fisher Scientific (Lough-

orough, UK). HPLC-grade methanol, 1-hexane, dichloromethane
DCM) were from Tedia Company (Fairfield, OH, USA). 1-Octanol
nd ethyl acetate were obtained from Riedel-De Haen AG
Seelze-Hannover, Germany). Phosphoric acid was purchased
rom Carlo Erba (Milan, Italy). Sodium chloride (NaCl) was
rom Goodrich Chemical Enterprise (Singapore). The derivatiza-
ion agent bis(trimethylsilyl)tri-fluoroacetamide (BSTFA), sodium
ihydrogen-phosphate monohydrate and sodium hydroxide were
urchased from Merck (Darmstadt, Germany). Ultrapure water was
repared on a Nanopure water purification system (Barnstead,
ubuque, IA, USA).
.2. Standard solutions

Stock standard solutions of each analyte were prepared sep-
rately in methanol at 1000 mg L−1 concentration and stored at
.0 ◦C. A working standard solution of a drug mixture at 10 mg L−1
embrane envelope fabrication.

concentration of each analyte was prepared by dilution with
methanol. One molar phosphate buffer solutions were prepared at
pH 2.0 and pH 12.0.

2.3. Electromembrane extraction

The extraction device was fabricated according to the schematic
representation shown in Fig. 1. Firstly, four sheets of porous
polypropylene membrane were combined and heat-sealed at three
edges (two sides and the bottom) using an electrical heat sealer to
give a three-compartment envelope. The dimension of the mem-
brane envelope was 1.2 cm × 2.5 cm. The outer compartments were
filled with acidic and alkaline buffer solutions (100 �L each), and
the middle compartment was filled with acceptor phase (1-octanol,
50 �L). The outer skin of the membrane envelope was impregnated
with toluene by dipping in the solvent for few seconds to form the
supported liquid membrane (SLM) before placing it in an extraction
vial containing sample solution for extraction. In order to perform
EME, platinum electrodes of 1 mm diameter were used. The positive
electrode was placed into the acidic buffer (pH 2) compartment and
the negative electrode was placed into the alkaline buffer (pH 12)
compartment. A d.c. potential difference (300 V) was applied for
10 min and the sample solution was agitated at 73 rad s−1 with a
magnetic stirring bar (12 mm length, 4.5 mm i.d.). Fig. 2 shows the
experimental setup for the simultaneous extraction of acidic and
basic drugs. After extraction, the organic acceptor phase was col-
lected and derivatized using BSTFA. Finally, 2 �L of the derivatized
extract was injected into a gas chromatography–mass spectromet-
ric (GC–MS) system for analysis.

2.4. GC–MS analysis

Since the extract, consisting of both acidic and basic drugs, was

organic, LC was not amenable to its analysis. Using reversed-phase
LC would involve solvent-exchange, and also possibly different
columns for the analysis of the different classes of drugs. There-
fore, GC–MS was selected for convenience and compatibility with
direct injection of an organic acceptor phase.
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in previous work [23,24].
Fig. 3c shows the chromatogram of the standards at the same

concentration as that used for EME, with direct injection. Signif-
icant enrichment of the analytes by EME can be observed when
comparing the chromatograms (b) and (c) in Fig. 3.
Fig. 2. Experimental setup of EME.

Analysis was carried out using a Shimadzu QP2010 GC–MS
ystem equipped with a Shimadzu AOC-20i autosampler (Kyoto,
apan) and a DB-5MS fused silica capillary column (30 m × 0.25 mm
.d., 0.25 �m film thickness) made by J&W Scientific (Folsom, CA,
SA). High-purity (99.999%) helium was used as the carrier gas at
flow rate of 2.2 mL min−1. The derivatized extract was injected

nto a split/splitless injector under splitless mode after a sampling
ime of 2 min (i.e. derivatized extract was retained in the injec-
or port for 2 min). The injection temperature was set at 300 ◦C,
ith the MS interface temperature at 280 ◦C. The GC tempera-

ure program was as follows: initial temperature 70 ◦C, held for
min; then increased by 10 ◦C min−1 to 240 ◦C, held for 8 min; and
final increase at 10 ◦C min−1 to 300 ◦C, held for 5 min. Data acqui-

ition was performed in full scan mode across a mass range of m/z
0–550 to confirm the retention times of the analytes, and selec-
ive ion monitoring mode was used for quantification. The most
bundant ion present was selected as the quantitative ion, while
further two ions were used for the confirmation of individual

ompounds.

.5. Solid-phase extraction (SPE)

Previously published conditions for SPE were used to carry
ut a comparative study between the extraction techniques
22]. Briefly, commercially available 200 mg capacity Oasis-HLB
N-vinylpyrrolidone/divinylbenzene) SPE cartridges from Waters
Milford, MA, USA) were used as received. SPE was performed using

12-port vacuum manifold (Supelco, Bellefonte, PA, USA). Prior
o extraction, the cartridges were conditioned with 5 mL ultra-
ure water, 5 mL 1-hexane, 5 mL ethyl acetate, 10 mL methanol and
0 mL ultrapure water. Extraction of 100 mL ultrapure water sam-

le spiked with the acidic and basic drugs was carried out under
acuum. The approximate flow rate was 15 mL min−1. After sam-
le loading, the analytes were then eluted with 5 mL methanol and
ried with anhydrous sodium sulfate. The extract was subsequently
educed to 1 mL by a stream of nitrogen. Derivatization was carried
A 1217 (2010) 6661–6667 6663

out with similar procedures as in the proposed EME approach and
2 �L of the extract was injected into the GC–MS system.

3. Results and discussion

Having designed the membrane envelope for simultaneous
extraction, several initial experiments were performed to probe
the feasibility of the proposed EME technique which involves the
use of electrodes to attract analytes of the opposite charge (via
electrokinetic force) into the buffer solutions. The analytes are sub-
sequently extracted into the organic acceptor solvent via diffusion.
To investigate the possibility of the pharmaceuticals undergoing
such migration, they were spiked into sample solutions at pH 7.2
so that they would be sufficiently ionized (i.e. basic drugs were pos-
itively charged; acidic drugs were negatively charged). Under the
application of voltage (300 V), the basic drugs migrated towards
the negative electrode which was placed in the alkaline buffer
(pH 12). The latter solution caused the basic analytes to lose their
protons, and hence be deionized. Similarly and concurrently, nega-
tively charged acidic drugs migrated towards the positive electrode
that was placed in the acidic buffer (pH 2) and became deionized as
well. In the middle compartment of the membrane envelope was
an organic acceptor solvent, a better solvent for the deionized drugs
than the buffer solutions. Hence, both basic and acidic drugs could
be extracted simultaneously into the acceptor solvent.

In the first instance, the effectiveness of electric potential in
extracting the drugs simultaneously was assessed. Experiments
without the application of voltage showed that only small amount
of norephedrine HCl and ibuprofen were extracted (Fig. 3a). In this
case, the cross-membrane transport mechanisms for the analytes
were mainly due to passive diffusion facilitated by sample agitation.
Over a short period of time, this was not an efficient process. On the
other hand, both acidic and basic drugs were effectively transported
across the membranes and into the acceptor solution when an elec-
trical potential difference was applied (Fig. 3b). EME has certainly
demonstrated the simultaneous extraction of both classes of drugs.
Apparently, diffusion due to the pH gradient and sample agitation
alone was not sufficient to allow extraction. Potential difference has
shown to be the main driving force in achieving such extractions
Fig. 3. GC–MS traces demonstrating the significant effect of voltage on cross-
membrane transport: (a) extraction carried out at 0 V; (b) EME carried out at 300 V;
(c) standard mixture of analytes at the same concentrations of analytes (direct injec-
tion). Peaks identification: (1) norephedrine HCl, (2) ibuprofen, (3) alprenolol HCl,
(4) naproxen, (5) ketoprofen, (6) propanolol HCl.
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column bleeding occurred due to the derivatization of the silox-
ane groups on the GC column. This led to undesirable damages to
the column. When a low amount of BSTFA was used, incomplete
derivatization occurred. Therefore, derivatization was carried out
ig. 4. Extraction time profile. Extraction conditions: 300 V voltage, toluene as SLM,
0 �L 1-octanol as acceptor phase, derivatized at room temperature for 1 h.

These experiments showed that cross-membrane transport
ased on electrokinetic migration with an applied voltage is unde-
iably more effective than cross-membrane transport based on
assive diffusion. Moreover, this designed EME system is definitely
apable of the concurrent extraction of both acidic and basic drugs,
ith high enrichment. As such, further optimization of the tech-
ique was performed and quantitative analysis was carried out.
onclusions were drawn by using the GC–MS chromatogram peak
reas to represent extraction recoveries.

.1. Extraction time

EME is a non-exhaustive extraction procedure where
quilibrium-based distribution is expected. However, as this
rocedure is driven by electrokinetic migration, extraction time
as predicted to be shorter than conventional LPME procedures

25]. As such, extraction time was varied from 5 to 30 min at
onstant applied voltage, to monitor EME. Fig. 4 shows that for
ost of the analytes, maximum recovery was attained after 10 min

f extraction. Instead of observing a plateau representing the
ttainment of equilibrium, recovery of the analytes decreased
fter 10 min. This phenomenon can conceivably be explained by
he saturation of analytes in the acceptor phase over time, which
esulted in back-diffusion into the buffer solutions. Similar obser-
ations were reported in earlier papers as well [17,26]. Therefore,
0 min was selected as optimal extraction time.

.2. Applied voltage

Preliminary experimentation had shown that applied volt-
ge was an important criterion for efficient extraction of both
he acidic and basic drugs simultaneously. Experiments with dif-
erent applied potentials were performed over the range from
00 to 400 V (with current less than 50 �A). The results are
ummarized in Fig. 5. Generally, electrokinetic migration of the
nalytes into the acceptor solvent improved as voltage was
ncreased from 100 to 300 V. This observation followed the mod-
fied Nernst–Planck equation, which predicts the improvement
n the flux of analytes with increasing potential difference [27].
owever, a further increment to 400 V showed a decrease in the

erformance of EME. Similar deviation has been reported in a
ecent paper [28]. This can be explained by the bubble forma-
ion at the electrodes due to electrolysis, causing the flux of the
nalytes to be unstable and hence hindering further improve-
ent in extraction recoveries. 300 V was used for the rest of
Fig. 5. Influence of applied voltage on EME. Extraction conditions: 10 min extrac-
tion time, toluene as SLM, 50 �L 1-octanol as acceptor phase, derivatized at room
temperature for 1 h.

the study to permit maximum concurrent recoveries of all the
drugs.

3.3. Derivatization conditions

Derivatization of the pharmaceuticals with BSTFA is necessary
to enhance the volatility of these high molecular weight drugs, as
well as to prevent peak tailing in the GC–MS analysis. In this proce-
dure, improper derivatization had been reported due to excessive
reagent and presence of moisture [29,30]. Hence, it is of importance
that this derivatization step is done with care.

The amount of time required for derivatization was first opti-
mized. Experiments were first carried out at room temperature,
and substantial performance was observed after derivatization for
1 h. To reduce derivatization time, the mixture was heated at 70 ◦C
in a water bath and derivatization time was significantly reduced
to 30 min as a result (Fig. 6). Moreover, derivatization was most
efficient at 70 ◦C for 30 min. In addition, the influence of different
volumes of BSTFA added was investigated. Different extract:BSTFA
volume ratios of 1:1, 1:2 and 3:1 were tested. Best results were
achieved with a 1:1 ratio. When a higher ratio of BSTFA was used,
Fig. 6. Derivatization conditions for EME. Extraction conditions: 300 V voltage,
10 min extraction time, toluene as SLM, 50 �L 1-octanol as acceptor phase.
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ccording to the following optimized condition: BSTFA was added
n a 1:1 ratio to the extracted acceptor phase in a micro-vial that was
ubsequently capped and sealed tightly with Parafilm (Menasha,

I, USA). Utilizing a Vibramax100 vibrator (Heidolph, Kelheim,
ermany), the mixture was well stirred and heated in 70 ◦C water
ath for 30 min. In this procedure, complete derivatization was
bserved.

.4. Supported liquid membrane

In conventional LLLME techniques, the SLM acts as a medium
etween the donor and acceptor phase to help speed up the mass
ransfer of the analytes [14–16]. This same approach was also
dapted in our EME system and several considerations have to be
ade when choosing the appropriate organic solvent. Particularly

n EME, it is crucial for the organic solvents used to have sufficient
lectrical conductance so as to allow a continuous electric field in
he entire system. In our study, organic solvents were used for both
he SLM and acceptor phase. Secondly, the organic solvent should
ave suitable chemical properties with the analytes to enable their
roper phase transfer and electrokinetic migration across the mem-
ranes. Moreover, any leakage of the SLM during sample agitation

s undesirable. Hence it is important to choose a solvent that is
mmiscible with water and compatible with the envelope material,
o that the solvent can be well confined within the porous wall of
he polypropylene membrane.

From the literature, four commonly used solvents were selected
nd utilized as the SLM. Results obtained with 1-octanol were
rreproducible and this was probably due to the compatibility of
lcohols with acidic analytes only as reported by Balchen et al. [31].
or DCM and 1-hexane, lower recoveries were observed. This could
e attributed to the loss of these relatively more volatile organic
olvents when Joule heating, as a result of applied voltage over
ime, occurred during extraction [32]. This phenomenon was more
rominent with these two solvents as their boiling points are much

ower than the rest. Satisfactory simultaneous extraction of all the
cidic and basic analytes was achieved when toluene was tested.
ence, it was chosen as the SLM for subsequent analysis.

.5. Acceptor phase solvent

Similar criteria apply to the selection of the organic acceptor
hase. Moreover, the organic solvent should be non-volatile and
menable to GC–MS analysis. Experiments with four organic sol-
ents, 1-octanol, toluene, 1-hexane and ethyl acetate were tested.
ue to the relative higher volatilities of the solvents, except toluene
nd 1-octanol, none of the solvents were available for collection
fter 10 min of extraction. Comparing toluene with 1-octanol, 1-
ctanol has a higher boiling point (i.e. 195 ◦C) and a better electrical
ermittivity (ε = 3.4), which explains its better performance in
llowing extraction of the two classes of analytes from the respec-
ive buffer solutions.

.6. pH in buffer compartments

The acidic drugs used in our experiments have pKa values rang-
ng from 4.2 to 4.6, while the basic drugs have pKa values at
pproximately 9.5 [33–35]. Acidic drugs are in their neutral form
t pH values lower than their pKa values. As for basic drugs, they
re in their neutral forms at pH values higher than their pKa val-
es. Without adjusting the sample pH, different acidic and alkaline

hosphate buffers ranging from 2 to 12 were tested. It was found
hat in the acidic buffer compartment and the alkaline buffer com-
artment, extraction efficiency was most effective with the use of
hosphate buffers at pH 2 and pH 12, respectively. When buffers
t pH 4 and 10 were used, small quantities of the drugs were
Fig. 7. Effect of NaCl addition on EME. Extraction conditions: 300 V voltage, 10 min
extraction time, toluene as SLM, 50 �L 1-octanol as acceptor phase, derivatized at
70 ◦C for 30 min.

extracted. Most probably, drugs that have migrated into the buffer
solutions were not efficiently extracted into the organic acceptor
phase due to poorer deionization. This happens when the buffer
pHs are too close to the pKa values of the analytes. This indi-
cates that the drugs have to be in neutral form in order to migrate
effectively into the organic acceptor solvent. Another experiment
was done with pH values at 6 and 8. Not surprisingly, almost
none of the drugs were extracted. This again further supports our
understanding of simultaneous extraction using the designed EME
system.

3.7. Addition of NaCl

In conventional liquid–liquid extraction, the “salting-out” effect
[36] can often improve extraction performance by reducing the sol-
ubility of polar analytes. With the addition of salt, water molecules
form hydration spheres around the ionic salt molecules. As such,
the concentration of water available to dissolve analyte molecules
is reduced, and the overall increase in ionic strength will also drive
the analytes to the organic extractant. Various concentrations of
NaCl ranging from 0 to 30% (w/v) were evaluated. Fig. 7 shows the
effect of salt addition on EME. Here, increasing extraction efficiency
was observed with addition of salt.

With the use of higher concentration of NaCl, the following elec-
trolytic reactions were expected to occur at both electrodes:

Cathode reaction : 2H+ (aq) + 2e− → H2 (g)

Anode reaction : 2Cl− (aq) → Cl2 (g) + 2e−

However, no bubble formation was observed around the elec-
trodes; similar observations were reported in earlier works [18,31].
With the selected SLM, it is possible that chloride ions were not
transported across it. Moreover, the current that was flowing
through the system was kept at an appropriate level (i.e. low �A).
As such, chlorine gas evolution at the anode was not of concern in
this case. On the basis of the results, 30% (w/v) NaCl was added to
the aqueous sample to achieve optimal extraction of both the acidic
and basic pharmaceuticals.

4. Method validation
In order to assess the practical applicability of the proposed
EME method, the optimized extraction conditions were adopted to
evaluate its quantitative performance. The linearity of the method
was tested at five different concentration levels, ranging from 1 to
200 �g L−1. External calibration plots were constructed and good



6666 C. Basheer et al. / J. Chromatogr. A 1217 (2010) 6661–6667

Table 1
Quantitative performance of EME and in comparison with SPE.

Analyte Correlation coefficient RSD (%, n = 6) Enrichment factor Recovery (%)

EME SPE (170 �g L−1) SPE (5 �g L−1)

Norephedrine HCl 0.997 12 81 18 6 6
Ibuprofen 0.982 13 90 20 10 11

104 23 18 12
118 26 22 11
185 40 73 22
370 80 53 54
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Table 2
Comparison of LODs with other techniques.

Analyte LODs

Our work (�g L−1) LPME (�g L−1) SPME (�g L−1)

Norephedrine HCl 0.13 300a –
Ibuprofen 0.13 0.1b 0.2d

Alprenolol HCl 0.18 – 0.82e

Naproxen 0.26 70c 5.0d

Ketoprofen 0.027 55c –
Propanolol HCl 0.0081 – 0.82e

Since LODs are obtained from different references, there is some inconsistency in
the significant figures reported.

a LPME–CE–ultraviolet detection (UV) [38].
b LPME–HPLC–UV [39].
c Dynamic LPME–HPLC–UV [40].

T
W

Alprenolol HCl 0.997 11
Naproxen 0.989 10
Ketoprofen 0.997 9
Propanolol HCl 0.993 6

inearity with correlation coefficients between 0.982 and 0.997
ere obtained. The precision of the method was evaluated by
erforming six consecutive analyses at various analyte concen-
rations and the relative standard deviations ranged from 6 to
3%.

The enrichment factor (EF) and recovery (R) were calculated
ased on the following equations:

F = Ca,final

Cd,initial

= na,final

nd,initial
× 100% = Va

Vd

Ca,final

Cd,initial
× 100%

here Ca,final is the final analyte concentration in the acceptor sol-
ent and Cd,initial is the initial analyte concentration within the
ample solution. na,final is the amount of analyte enriched in the
cceptor phase while nd,initial is the total amount originally present
n the sample. Va is the volume of acceptor phase and Vd is the
ample volume.

EFs of 81–370 that corresponded to recoveries ranging from 18
o 80% were achieved. A comparative study was done with SPE
t two concentration levels according to the procedure as men-
ioned. SPE gave recoveries that were either comparable or lower.
ME is shown to have higher capacity for both classes of ana-
ytes even though it is an equilibrium-based extraction approach.
he lower recoveries of SPE are mainly due to its multistep pro-
edure and its non-selectivity in extracting both acidic and basic
nalytes concurrently [37]. All these results are summarized in
able 1.

Limits of detection (LODs), calculated based on signal-to-noise
atio of 3, were found to be in the range of 0.0081–0.26 �g L−1. The
omparison between LODs of EME with other reported techniques
s also summarized in Table 2. Results show that by using EME, LODs
btained were either equivalent or much lower when compared
ith previously reported LPME and solid-phase microextraction

SPME) procedures.
. Wastewater sample analysis

Wastewater samples were collected from drains and extracted
sing the proposed method. The concentrations of the pharmaceu-
icals detected are summarized in Table 3. Wastewater samples

able 3
astewater analysis.

Analyte Unspiked real sample concentrations (�g

Norephedrine HCl Not detected
Ibuprofen Not detected
Alprenolol HCl 5.4
Naproxen 7.1
Ketoprofen Not detected
Propanolol HCl Not detected
d SPME–GC–MS [41].
e SPME–LC–MS [42].

spiked at a concentration level of 5 �g L−1 were also analyzed
under the optimum EME conditions. The enrichment factor (EF) and
recovery (R) from the spiked wastewater samples were calculated
based on the following equations:

EF = Ca,final − Ca,found

Cd,initial

R = Va

Vd

Ca,final − Ca,found

Cd,initial
× 100%

where Ca,final is the final analyte concentration in the acceptor sol-
vent, Ca,found is the analyte concentration found from unspiked real
sample and Cd,initial is the initial analyte concentration within the
sample solution. Va is the volume of acceptor phase and Vd is the
sample volume.

The results are tabulated in Table 3. The EFs and recoveries of
the analytes from the spiked real samples were comparable to that

from spiked ultrapure water. This clearly shows that interferences
from real samples do not affect the selectivity of our EME system.
It is obvious that the present method is rugged and applicable to
environmental samples.

L−1) Spiked real sample at 5 �g L−1

Enrichment Recovery (%)

89 19
56 12

122 26
121 26
148 32
350 76
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In the present study, for the first time, a method based on
lectrokinetic migration has been developed for the simultaneous
etermination of trace levels of acidic and basic drugs in water sam-
les at neutral pH. Compared with passive diffusion, electrokinetic
igration is a much more effective transport mechanism, provid-

ng high extraction efficiencies in very short time. Moreover, with
he specially designed and fabricated membrane envelope, we have
erformed effective extraction of the two different classes of ana-

ytes in a single step. The polypropylene membrane also acts as a
ltering device, and with the selected SLM, only the analytes were
llowed to pass through the walls of the membrane. As such, the
ystem provides proper sample clean-up and also allows relatively
irty samples to be handled. Although future work is required to
ully understand the kinetics of the analytes via EME, this analytical
echnique developed herein is certainly a rapid and powerful tool
or both qualitative and quantitative determination of trace level
harmaceutical residues in wastewater samples.
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