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a b s t r a c t

A simple and reliable co-electroosmotic capillary electrophoresis system for the fast determination of
aromatic acids has been developed by employing poly (1-vinyl-3-butylimidazolium bromide) as the
background electrolyte modifier. The polymeric ionic liquid was synthesized by the conventional rad-
ical polymerization. The reversed electroosmotic flow was obtained by adding a small amount of the
polymeric ionic liquid (0.0006%, w/v) to the electrolyte. To further improve the resolution of aromatic
eywords:
apillary electrophoresis
eversed electroosmotic flow
olymeric ionic liquid
o-electroosmotic
romatic acids

acids, conditions including the concentration of polymeric ionic liquid and pH of background electrolytes
were optimized. All eight aromatic acids were baseline resolved in one measurement in a short time (less
than 3.5 min) under optimized conditions, 100 mM NaH2PO4 buffer containing 0.006% (w/v) polymeric
ionic liquid, pH 6.0. Separation efficiencies were in the range from 355,000 to 943,000 (plates/m). Sat-
isfactory reproducibility on the basis of the migration time of analytes was achieved. RSDs (n = 3) were
less than 0.33% except the p-aminobenzoic acid (0.9%). The applicability of the present method has been

ermin
demonstrated for the det

. Introduction

Capillary electrophoresis (CE) is a rapidly growing, powerful and
ffective tool in the separation of charged or neutral compounds in
working buffer. It is a novel separation method that combines

dvantageous features of online detection, high separation effi-
iency, low sample consumption, rapid analysis, automation and
educed cost of capillaries compared to HPLC columns or GC capil-
ary columns [1]. However, in normal CE, the separation of anions
s a quite time-consuming work because electrophoretic mobilities
f anions are comparable to or even greater than the electroos-
otic flow (EOF) [2]. Usually, analysis times in CE methods can be

educed by applying short capillaries, high potentials or optimiz-
ng the buffer composition to establish a high EOF. However, these
mprovements are often counteracted by the loss of the separation
fficiency due to Joule heating [3]. A better mean of reducing the
nalysis time of anionic compounds with the high efficiency and
ood reproducibility is the use of co-electroosmotic CE method,

n which the direction of reversed EOF is the same as that of the
lectrophoretic mobility of the anions in negative polarity. This
ethod has been used successfully for the analysis of anions such

s inorganic anions, phenolic compounds or carboxylic acids [2].

∗ Corresponding author. Tel.: +86 931 4968266; fax: +86 931 8277088.
E-mail address: sxjiang@lzb.ac.cn (S. Jiang).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.03.057
ation of water-soluble aromatic acids in a common drug for external use.
© 2010 Elsevier B.V. All rights reserved.

The direction of EOF can be reversed by the chemical
modification of the fused-silica capillary internal wall using back-
ground electrolyte (BGE) modifiers [4]. Typical modifiers used
in this method are positively charged reagents including qua-
ternary amine surfactants, for example, cetyltrimethylammonium
bromide (CTAB), and diquaternary amine compounds such as
hexadimethrine bromide (HDB) [5,6]. The cationic modifier is phys-
ically adsorbed on the capillary surface and a reversed EOF is
generated.

Room temperature ionic liquids (ILs) are compounds formed
of organic cations and inorganic or organic anions that are either
liquid at room temperature or whose melting points are slightly
higher than the ambient temperature [7]. ILs are environmentally
benign and have many advantages over common organic solvents
such as, high ionic conductivity, wide temperature range as a liq-
uid phase, negligible vapor pressure, good thermal stability, tunable
viscosity and miscibility with water and organic solvents, as well as
good extractability for various organic compounds and metal ions
[8]. To this day, due to their special physicochemical properties, ILs
have generated enormous interest in the separation analysis, espe-
cially in chromatographic techniques. They are used as suitable GC
stationary phase coated on fused-silica capillary column [9], and

additive/stationary phase in HPLC [10,11]. In CE, ILs are used either
as supporting electrolytes or as additives for BGE in CE [12–17] and
nonaqueous capillary electrophoresis [18,19] and are also used as
supported coatings of the capillary wall [20,21]. It can be affirmed
that, to date, ILs have been basically added to BGE in CE separations
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o modify the EOF, reverse the EOF, and/or avoid the interaction
f analytes with the capillary wall [7]. CE based on ILs can lead to
ast, highly efficient separations of a wide variety of analytes, e.g.,
henols and aromatic acids, metal ions, medicines, enantiomers,
iological materials [22].

Recently, interesting in the polymeric form of IL (PIL) is increas-
ng because PIL constitutes a new class of polymer materials with
xceptional properties such as thermal stability and mechanical
nd electrochemical properties [23]. Much attention has been paid
o these PILs for their potential applications such as catalytic mem-
ranes, polymer electrolytes, ionic conductive materials, stationary
hase coatings in solid-phase microextraction and stationary phase
f GC [24–28].

Aromatic acids are useful chemical compounds and synthetic
recursors widely used in various industries [29]. Nowadays, in CE,
uite a number of separations of the charged aromatic acids are
onducted by capillary zone electrophoresis (CZE) with reversed
OF. Different ILs have been used as additives for CE separation
f aromatic acids [13]. In this study, a kind of PIL, poly (1-vinyl-
-butylimidazolium bromide) (PVBIm+ Br−) was prepared by the
onventional radical polymerization and used as a cationic additive
n CE to reverse the EOF. Aromatic acids were chosen as model
nalytes.

The main purpose in the present research was to develop a new
o-electroosmotic CE method using PVBIm+ Br− as the dynami-
al BGE modifier, and apply this CE method to the separation of
ight negatively charged aromatic acids. The abilities of this PIL
n reversing the EOF and improving the separation were evaluated.
onditions of the separation were optimized. The run-to-run repro-
ucibility of the coated capillary in terms of the migration time of
he neutral marker was investigated. Furthermore, the determina-
ion of the concentration of aromatic acids in a common drug using
he proposed CE method was reported.

. Experimental

.1. Materials

1-vinyl-3-butylimidazolium bromide (99%) was purchased
rom the Shanghai Cheng Jie Chemical Co. (China). 2,2′-
zobisisbutyronitrile (AIBN) obtained from the Shanghai Shanpu
hemical Co. (China) was recrystallized in absolute alcohol. Com-
ound salicylic acid and benzoic acid liniment (National medical

icensing number: H21023502) were purchased from the Shenyang
ongling Pharmaceutical Co. (China). All other chemicals used in
lectrophoresis were of analytical grade. Distilled water was used
hroughout. Phosphate buffer was prepared from sodium dihydro-
en phosphate, and pH was adjusted to different values with NaOH.
he stork solution of PIL was prepared in the distilled water at a
oncentration of 0.2% (w/v). BGEs were prepared by diluting the
tock PIL solution with phosphate buffer. The real sample solution
f compound salicylic acid and benzoic acid liniment was diluting
he sample to 100-fold with the distilled water. The lower aqueous
hase was injected directly after filtered with a 0.45 �m syringe
lter.

.2. Apparatus and electrophoresis

Capillary electrophoresis was performed on an Agilent CE sys-
em (Agilent Technologies) with a diode array UV–vis detector and

ChemStation (Rev.A 09.03) for system control and data process-

ng. An untreated fused-silica capillary (Hebei Ruifeng Instrumental
o., China) of 50 �m i.d., 375 �m o.d, with a total length of 48.5 cm
40 cm to detector) was used. The detection window was obtained
y burning off a 0.4 cm section of the polyimide cladding of the
 (2010) 56–60 57

capillary and rinsed with acetone. pH values of the buffer were
measured using a Sartourius PB-10 pH meter (Beijing, China).

2.3. Preparation of PVBIm+ Br−

Polymerization of the 1-vinyl-3-butylimidazolium bromide was
carried out by the free radical polymerization using procedures
described elsewhere [25,27]. Briefly, 3.0 g of the IL monomer
(VBIm+ Br−) was dissolved completely in 30 mL of chloroform in a
100 mL round-bottom flask. Then, 0.06 g of the free radical initiator,
AIBN, was added. The solution was refluxed for 3 h at 70 ◦C under
nitrogen atmosphere for the polymerization. After the removal of
chloroform and the product was washed three times with ethyl
acetate and then dried under vacuum at 80 ◦C for 12 h.

2.4. Electrophoresis procedure

Fresh capillaries were used for coating to avoid the hysteresis
effect. New capillaries were initially conditioned by rinsing with
1 M NaOH for 10 min and then with the distilled water for 10 min.
Between runs, if the BGE was changed, the capillary was rinsed with
1 M NaOH for 10 min, distilled water for 10 min, and finally with the
BGE for 10 min. Otherwise, the capillary was just rinsed with the
BGE for 2 min. All the solutions and samples were degassed and fil-
tered through a 0.45 �m syringe filter. The sample was introduced
into the capillary by the hydrodynamic injection for 3 s at 50 mbar.
Direct UV detection was employed at a wavelength of 214 nm. The
separation voltage was −20 kV. The temperature was thermostat-
ically controlled at 25 ◦C. Efficiencies were calculated using the
half-height method through the Agilent ChemStation software.

2.5. EOF and effective electrophoretic mobility measurement

Mesityl oxide (DMSO) was used as a neutral marker. A con-
stant voltage of ±20 kV was applied (depending on the direction
of the EOF). The magnitude of the EOF (�EOF) and effective elec-
trophoretic mobility (�eff) were calculated based on the migration
time of DMSO and analytes under constant voltage according to:

�EOF = lL

tnmV
(1)

�eff = �ap − �EOF = lL

V

(
1
tm

− 1
tnm

)
(2)

where L is the total capillary length, l is the effective capillary length
(from the injection end to the detector), tnm is the migration time of
the neutral marker, �app is the apparent electrophoretic mobility,
tm is the migration time of the analyte, and V is the applied voltage.

3. Results and discussion

3.1. Effect of PIL concentration on EOF

In CE, cationic polymers can be strongly adsorbed on the capil-
lary wall so that the EOF can be reversed to the anodic direction.
Cations of the PIL used in this work are expected to be electrostati-
cally attached to the negatively charged surface of the fused-silica
capillary. Measurement of the EOF can be used as an indirect way
to demonstrate the change of the capillary surface. We investigated
the effect of the PIL concentration on the EOF. The result is shown
in Fig. 1. It can be seen that the EOF changes from cathodic to

anodic when the concentration is above 0.0006% (w/v). A strong
reversed (anodic) EOF was generated attributed to modification of
the interfacial double layer by cationic PIL additives. The reversed
EOF first increases to a maximum and then decreases slowly with
the increase of the PIL concentration, As the concentration of the
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ig. 1. Effect of PIL concentration on EOF. Conditions: capillary length: 48.5 cm
40 cm to detector); BGE, 100 mM NaH2PO4 (pH = 5.0) containing different concen-
rations of PVBIm+ Br−; applied voltage, ±20 kV; temperature, 25 ◦C.

IL increases further up to 0.004% (w/v), more PIL is adsorbed on
he capillary inner surface, which results in the increase in � poten-
ial and the positive charge of the electric double layer, and faster
OF is observed accordingly [30]. When the concentration is 0.004%
w/v), the maximum of EOF can be observed due to the saturation
f PIL on the capillary inner surface. The EOF decreases when more
IL are contained in the BGE on account of the higher viscosity and
onic strength.

.2. Effect of PIL concentration on effective electrophoretic
obility

To establish the optimum separation conditions for the eight
romatic acids studied, BGEs with different concentrations of PIL
ere investigated. Fig. 2 illustrates the relationship between the
effs of aromatic acids and the PIL concentration. The varying trends
f �eff curves are mainly affected by the EOF according to Eq. (2).
he �eff increases when the EOF decreases, and vice versa. However,
hen the concentrations are in the range of 0.002–0.004% (w/v)
here EOFs are leveled off, �effs of compound 1, 7 and 8 change

reatly. This could be related to the association of aromatic acids
nd the PIL in the BGE [31] which also affects the selectivity of

romatic acids. As shown in Fig. 2 the best selectivity can be attained
hen the PIL concentration is 0.006% (w/v). Therefore 0.006% (w/v)

f PIL was chosen for subsequent experiments.

ig. 2. Effect of PIL concentration on �eff of analytes. Conditions are the same as in
ig. 1.
Fig. 3. Effect of BGE pH on EOF and effective electrophoretic mobility. BGE: 100 mM
NaH2PO4 containing 0.006% (w/v) PVBIm+ Br− with pH from 5.0 to 6.5; other con-
ditions are the same as in Fig. 1.

3.3. Effect of pH on separation

In the CE separation the buffer pH is one of the most important
conditions because its control determines the extent of ionization
and mobility of each solute [32]. Fig. 3 shows the effect of pH on
the separation of analytes. A pH ranging from 5.0 to 6.5 of the elec-
trolyte system was chosen to achieve electrophoretic mobilities
of aromatic acids toward the anode. The �effs of aromatic acids
increase with pH from 5.0 to 6.5. This is because the EOFs decrease
with the increase of pH as shown in Fig. 3. The selectivities are
almost unaffected by pH, only slight changes are observed. The
reason is that charges of aromatic acids are constant due to the
fact that they are fully dissociated in this pH range. The selectiv-
ity and efficiency are better at pH 6.0 than at the other pH values
investigated.

3.4. Separation of aromatic acids under optimized conditions

Eight aromatic acids were used as model analytes to evaluate
the co-electroosmotic CE method using PVBIm+ Br− as the additive.
Fig. 4 illustrates the comparison of the separation of these aromatic
acids between the same buffer with and without PIL. As shown in
Fig. 4A, only phthalic acid can be detected under the negative polar-
ity. The separation of other seven aromatic acids requires about
30 min under the positive polarity (data not shown). When no of the
PIL was added to the BGE, the direction of aromatic acids was oppo-
site to EOF, thus only phthalic acid with the higher electrophoretic
mobility than the EOF can be detected under the negative polar-
ity. However, when the PIL was added, eight aromatic acids can be
separated in one run with short analysis time. Fig. 4B shows the
electropherogram of eight aromatic acids with 0.006% (w/v) PIL as
the additive. It can be seen that good separation and peak shapes of
aromatic acids are achieved within 3.5 min. The short analysis time
is mainly due to the co-electroosmotic mode by the addition of the
PIL to the BGE. Analogous to previously reported ILs as BGE addi-
tives in CE [12], the separation mechanism relies on the association
of aromatic acids with the imidazolium cations of the PIL either
adsorbed to the capillary wall or electrophoretically migrated in
the bulk solution.

As listed in Table 1, the separation efficiencies (N) of analytes
reach as high as 355,000–943,000 (plates/m) when using the PIL as

the additive. It can be seen that the efficiency of the EOF is less than
that of the analyte, which suggests that high efficiencies could be
the result of the association of aromatic acids with the PIL either
coating on the capillary inner surface or in the bulk solutions.
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Fig. 4. Separation of eight aromatic acids using the same buffer with and with-
out PIL as additive: (A) without PIL and (B) with PIL. Conditions: BGE, 100 mM
NaH2PO4 (pH = 6.0) containing 0.006% (w/v) PIL, other conditions are the same
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Table 2
Results of regression analysis on calibration curves and detection limitsa.

Compound Liner range
(mg/mL)

Calibration
curve

Correlation
coefficient

LOD (mg/mL)

Salicylic acid 0.005–0.3 y = 0.8 + 394.5x 0.9997 0.0015
Benzoic acid 0.005–0.3 y = 0.9 + 279.3x 0.9997 0.002

and benzoic acid are 1.50% and 0.85% respectively. Excellent repro-
ducibility of the migration time (less than 0.3% (n = 3)) is also
obtained.
s in Fig. 1. Peaks: 1, o-phthalic acid; 2, salicylic acid; 3, 4-aminobenzenesulfonic
cid; 4, toluene-p-sulfonic acid; 5, 3-nitrobenzoic acid; 6, 4-chlorobenzoic acid; 7,
-hydroxybenzoic acid; 8, p-aminobenzoic acid.

.5. Reproducibility study on this method for aromatic acids

The reproducibility study on this method for aromatic acids was
nvestigated in terms of the migration time of analytes. Due to the

odification of the EOF and capillary inner wall through the PIL
dditive in BGE, the reproducibility of analytes can be improved
reatly. Table 1 shows the satisfactory run-to-run reproducibility

f the migration time. RSDs (n = 3) of the migration time of aromatic
cids are less than 0.33% except p-aminobenzoic acid (0.9%).

able 1
eparation efficiency (N) and migration time reproducibility of aromatic acids and
OFa.

Compound N (plates/m) RSD (%)

1 355,000 0.33
2 582,000 0.11
3 943,000 0.15
4 830,000 0.14
5 869,000 0.14
6 756,000 0.11
7 751,000 0.31
8 740,000 0.9
EOF 166,000 0.7

a Experimental conditions are the same as in Fig. 4. RSD of the migration time is
easured based upon three repeated runs (n = 3).
a Experimental conditions are the same as in Fig. 5. The LODs are defined as the
concentration where the S/N values are 3. y and x stand for the peak area and the
concentration (mg/mL) of the analytes respectively.

3.6. Application

To evaluate the suitability of the proposed CE system for the real
sample, it was applied to determine the concentration of salicylic
acid and benzoic acid in a common drug for external use (compound
salicylic acid and benzoic acid liniment). The optimal conditions in
Section 3.5 were used.

3.6.1. Linearity and detection limit
The liner relationship between the concentration of the two ana-

lytes and the corresponding peak areas were obtained. The linear
range, correlation coefficient and the limit of detection (LOD) are
listed in Table 2. It was found that the system has good linearity
(R > 0.999).

3.6.2. Determination of analytes in real sample
The sample solution of the compound salicylic and benzoic

acid liniment was analyzed by the present CE method under
the optimized conditions. Fig. 5 illustrates the separation of sal-
icylic and benzoic acids in the standard solution (Fig. 5A) and
real sample (Fig. 5B). The peaks were identified by comparing the
migration times and spiking the standards to the sample solu-
tion. The result shows that the matrix components in the real
sample have no interference in the determination of the ana-
lytes. From the regression equations in Table 2, concentrations of
the salicylic and benzoic acids were 0.36 mg/mL and 0.60 mg/mL
respectively. The RSDs (n = 3) for peak area of the salicylic acid
Fig. 5. Typical electropherograms of the standard mixture and real sample: (A) the
standard mixture and (B) the sample solution of compound salicylic acid and benzoic
acid liniment. Conditions are the same as in Fig. 4. Peaks: 1, salicylic acid; 2, benzoic
acid.
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. Conclusions

PVBIm+ Br− has been synthesized according to the conventional
adical polymerization. Then a co-directional movement of nega-
ively charged analytes and the reversed EOF was accomplished by
mploying this PIL as a BGE modifier. The co-electroosmotc CE sys-
em was further applied in the separation of eight aromatic acids.
he electrophoretic conditions including the concentration of PIL
nd pH of BGE were investigated. The results proved that the co-
lectroosmotic capillary electrophoresis, which was dynamically
odified with polymeric ionic liquid, provided better separation

han the normal mode. Successful separation and identification of
ight aromatic acids have been achieved under optimized con-
itions (100 mM NaH2PO4, PVBIm+ Br− 0.006% (w/v), pH = 6.0).
igh efficiency (355,000–943,000 (plates/m)) and short analysis

ime (less than 3.5 min) were obtained. This technique proposed
s simple, reliable, and provides good reproducibility in terms of

igration time of samples. The RSDs (n = 3) were less than 0.33%
xcept p-aminobenzoic acid (0.9%). Analogous to the previously
eported ILs used as BGE additives in CE, the separation mechanism
elies on the association of aromatic acids with imidazolium cations
f the PIL either coated on the capillary wall or electrophoretically
igrated in the bulk solution. Furthermore, the present CE method
as applied to determine the concentration of salicylic acid and

enzoic acid in a common drug for external use. Excellent RSDs
or the peak area and migration time of the aromatic acids in the
ample solution were obtained.
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