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a b s t r a c t

A surface molecularly imprinted polymer (MIP) was synthesized by using imidazole as the template
and modified silica particles as the support material. The static adsorption, solid phase extraction (SPE)
and high-performance liquid chromatography (HPLC) experiments were performed to investigate the
adsorption properties and selective recognition characteristics of the polymer for imidazole and its
structural analogs. It was shown that the maximum binding capacities of imidazole on the MIP and the
non-imprinted polymer (NIP) were 312 and 169 �mol g−1, respectively. The adsorption was fast and the
adsorption equilibrium was achieved in 30 min. The binding process could be described by pseudo-second
order kinetics. Compared with the corresponding non-imprinted polymer, the molecularly imprinted
polymer exhibited much higher adsorption performance and selectivity for imidazole. The selective
olid phase extraction separation of imidazole from a mixture of 1-hexyl-3-methylimidazolium bromide ([C6mim][Br]) and 2,4-
dichlorophenol could be achieved on the MIP–SPE column. The recoveries of imidazole and [C6mim][Br]
were 97.6–102.7% and 12.2–17.3%, respectively, but 2,4-dichlorophenol could not be retained on the
column. The surface molecularly imprinted polymer presented here may find useful application as a
solid phase absorbent to separate trace imidazole in environmental water samples. This may also form
the basis for our research program on the preparation and application of alkyl-imidazolium imprinted

polymers.

. Introduction

In recent years, people are increasingly interested in using ionic
iquids, especially alkyl-imidazolium based ionic liquids, for chem-
cal synthesis, biocatalytic transformation, electrochemical device
esign and analytical and separation process, mainly due to their
green” characteristics [1,2]. Ionic liquids have negligible vapor
ressure and are rarely flammable or explosive, suggesting that
hey present no air pollution or environmental risk in closed pro-
esses. However, it has been shown that alkyl-imidazolium based
onic liquids are toxic to mammalian zooblast [3,4], microorgan-
sm [5,6] and among others. The ionic liquids are just as toxic as
onventional organic solvents, and sometimes two-to-four orders
f magnitude more toxic than the organic solvents [7]. The toxic

s mainly ascribed to the alkyl-imidazolium cations. Therefore, the

ide application of ionic liquids would inevitably result in the loss
f the ionic liquids into water ecosystems, leading to pollution of
ater, soil and ecological environment. Accordingly, it is important

∗ Corresponding authors. Tel.: +86 373 3325971; fax: +86 373 3326336.
E-mail address: fanjing@henannu.edu.cn (J. Fan).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.03.015
© 2011 Elsevier B.V. All rights reserved.

to assay trace alkyl-imidazolium based ionic liquids in environmen-
tal samples.

In traditional analysis methods of organic compounds, HPLC [8],
spectroscopy [9] and ion chromatogram [10] etc., are useful for the
systems with little interfere and high target concentration. How-
ever, imidazole ring of cations of the ionic liquids is UV active, and
many organics have similar absorbance profiles in the UV–visible
range with imidazole ring. Thus the signal overlapping is a serious
problem for the direct determination of alkyl-imidazolium based
ionic liquids [11]. Due to this characteristic of ionic liquids and com-
plex of the environmental samples, it is difficult to assay the target
compounds directly by using traditional analysis methods. Conse-
quently, the establishment of effective methods to separate and
assay alkyl-imidazolium based ionic liquids in complex matrixes is
very important.

Molecularly imprinting of synthetic polymer is an approach in
which functional monomer and cross linker are copolymerized

in the presence of template molecule. Removal of the template
molecule from the obtained polymer by simple solvent extrac-
tion reveals the complementary binding sites that can recognize
the template molecule from their structurally similar compounds
[12,13]. Due to the advantages of selective separation of the sub-
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trates, molecularly imprinted polymer (MIP) has been developed
apidly in samples pre-treatment, especially in the pre-treatment of
nvironmental samples. Many conventional synthetic approaches
oward imprinted polymer particles involve the synthesis of an
mprinted polymer monolith [14]. The monolith then has to be
round and sieved to deliver a fraction of particles of desired size
or the intended application. Particles prepared in this manner are
ypically irregular in shape and size, and the mass transfer is slow.
n order to overcome these problems and improve the properties
f MIP, different methods have been explored, including emulsion
15], precipitation [16,17], suspension and multistep swelling poly-

erization [18], film graft imprinting [19] and surface imprinting
20]. In these preparation methods, surface imprinting technique
s welcome. The polymer with binding sites situated at the surface
hows many advantages such as high selectivity, enhanced adsorp-
ion, more accessible sites, fast mass transfer and binding kinetics.
n addition, it is known that the imprinted polymer materials syn-
hesized by surface imprinting technology exhibit controllable size,
egular shape, better mechanism intensity, and good reuse per-
ormance compared to the traditional imprinting materials. Thus,
he surface molecularly imprinting technique has been the focus
f more and more researches [21–25]. However, to the best of our
nowledge, no molecularly imprinted polymer, especially surface
mprinted polymer, has been reported for the separation and deter-

ination of alkyl-imidazolium based ionic liquids so far.
For the above reasons, we prepared, in this work, imidazole

olecularly imprinted polymer by the surface imprinting tech-
ique using modified silica particles as the support material. It was

ound that there were effective imprinted sites on the surface of
he imprinted polymer, and the polymer has been applied as solid-
hase extraction material for the selective extraction of imidazole
rom its structural analogs. This work is expected to be the first step
or the preparation of alkyl-imidazolium imprinted polymers.

. Experimental

.1. Materials and reagents

Silica particles (180–200 �m in diameter) and aminopropy-
triethoxysilane were obtained from Qingdao Ocean Chemical
actory (Shandong, China) and Lancs Research Chemicals Ltd.
NJ, USA), respectively. Acryloyl chloride, methacrylic acid and
thylene dimethacrylate were purchased from Acros Com-
any (NJ, USA). Imidazole, methanol, acetonitrile and chloro-
orm were obtained from Tianjin Kermel Chemical Reagent
ompany (Tianjin, China). 1-Methylimidazole and the ionic

iquids of 1-butyl-3-methylimidazolium chloride and 1-hexyl-3-
ethylimidazolium bromide were purchased from Henan Lihua

harmaceutical Ltd. (Henan, China). Azobisisobutyronitrile, ben-
ene, 2,4-dichlorophenol and m-dihydroxybenzene were from
eijing Chemical Reagent Company (Beijing, China). All these
hemicals were of analytical reagent grade except for azobi-
isobutyronitrile which was of chemical purity grade. Methanol
nd acetonitrile of chromatographic purity were obtained from
hengzhou Guoda Chemical Reagent Company (Henan, China).
ltra pure water was prepared from Milli-Q purification system

MilliPore, USA).
Azobisisobutyronitrile was recrystallized from methanol and

hen dried under reduced pressure before use. Methacrylic acid

nd ethylene dimethacrylate were distilled before use in order
o remove the polymerization inhibitor. Chromatographic purity
eagents were filtered through a 0.22 �m filter prior to use. Ultra
ure water was used in the HPLC analysis and deionized water was
sed in other experiments.
2011) 1124–1132 1125

2.2. Instruments

A T6 UV-vis spectrophotometer (Shanghai, China) and a high-
performance liquid chromatography (Waters, USA) equipped with
a reversed-phase column (C18 column, 4.6 mm × 150 mm), a C18
pre-column and a PDA 2998 ultraviolet–visible detector were used
in the present work. Infrared spectra (IR) in KBr were recorded
at 4000–400 cm−1 by using a Perkin-Elmer 983 infrared spec-
trophotometer (Norwalk, USA). The scanning electron microscope
(SEM) micrographs of the sorbents were obtained at 20.0 kV on a
JSM-5610LV scanning electron microscopy (JEOL, Japan). The 1H
NMR spectra were recorded by a AV-400 spectrometer (Bruker,
Germany). The ASAP 2020 surface area and pore size analyzer
(Micromeritics, USA) was used to measure the specific surface area,
the total pore volume and the average pore diameters of the molec-
ularly imprinting polymer and non-imprinted polymer.

2.3. Preparation of the imidazole imprinted polymer

A two-step procedure was used to prepare the imidazole
imprinted polymer. The schematic expression for the synthetic
route was illustrated in Fig. 1. In the first step, silica parti-
cles were modified chemically as described below. In order to
increase the content of –OH, silica particles were activated by
dipping into 6 mol L−1 hydrochloric acid for 24 h, then filtered
and washed repeatedly with distilled water. Such treated silica
particles were dried at 110 ◦C to constant weight. The activated sil-
ica particles were mixed with aminopropyltriethoxysilane (APTS)
in anhydrous toluene in a sealed flask and then refluxed for
7 h. The resulting aminopropyltriethoxysilane–silica (APTS–silica)
particles were separated, and washed with anhydrous toluene,
ethanol and acetone in sequence. Then acryloyl chloride (AC)
and the catalyst – triethylamine were mixed with aminopropy-
ltriethoxysilane – modified silica particles in anhydrous toluene
solution. The mixture was vigorously stirred for 12 h at room
temperature under dry nitrogen. The product was separated by
filtration and then washed successively with anhydrous toluene,
methanol, ethanol and acetone. Finally, the obtained acryloyl
chloride–aminopropyltriethoxysilane–silica (AC–APTS–silica) par-
ticles were dried under vacuum at 40 ◦C before use.

In the second step, imidazole imprinted polymer was prepared.
For that purpose, 0.035 g of imidazole was dissolved in 50 mL of
chloroform, and then 1.0 g of AC–APTS–silica particles and 0.18 mL
of methacrylic acid (MAA) were added. The mixture was shaken at
room temperature for 6 h for pre-polymerization. Then 1.89 mL of
ethylene dimethacrylate (EDMA) and 0.010 g of azobisisobutyroni-
trile were added. The mixture was sonicated, and degassed with
nitrogen for 10 min to eliminate oxygen, and then was sealed for
polymerization at 60 ◦C for 24 h in a constant temperature incubat-
ing shaker with a rate of 200 rpm. The resultants were extracted
with a mixed solvent of methanol/acetic acid (9:1, v/v) for 48 h in
a Soxhlet extractor to remove the template. The obtained particles
were washed with methanol till neutral and then dried to constant
weight under vacuum at 60 ◦C. As a control, the non-imprinted
polymer was prepared and treated under the same conditions
except for the addition of the template.

2.4. Static adsorption tests

20.0 mg of the MIP and NIP particles were added, respectively,

into 2.0 mL of acetonitrile in which imidazole or its structural
analogs were contained. The mixtures were allowed to stand for
12 h at room temperature to facilitate the adsorption of imida-
zole or its analogs onto the MIP and NIP particles. After that, the
concentration of the substrates in the supernatant solutions was
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of imidazole with methacrylic acid was formed probably through
hydrogen bonding and/or ionic bonding between N–H of imidazole
and –COOH of methacrylic acid.
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Fig. 1. Schematic illustration for the synth

etermined by a UV-vis spectrophotometer. The binding capacity
f imidazole and the analogs was calculated from the equation:

= (C0 − C)V1000
M

(1)

here Q stands for the binding capacity (�mol g−1), C0 and C are
he initial and the residual concentrations (mmol L−1) of imidazole
r the analogs, respectively, V is the solution volume (mL), and M is
he amount (mg) of the MIP or NIP particles used for the adsorption
xperiments.

.5. Solid-phase extraction experiments

A homemade glass column (4.5 cm × 3 mm i.d.) packed with
00.0 mg of MIP was used as solid phase extraction (MIP–SPE) col-
mn, in which a small portion of glass wool was packed in order
o prevent loss of the sorbent during sample loading. After the

IP–SPE column was pre-treated with methanol and acetonitrile,
mL of the sample solution containing 0.2 mmol L−1 imidazole or
ach of the structural analogs (1-methylimidazole, metronidazole
r benzene) in acetonitrile was passed through the column at a flow
ate of 0.5 mL min−1. Then, the column was washed by methanol,
nd eluted by a mixed solvent of methanol/water (80:20, v/v). The
luate was analyzed by the HPLC. The NIP–SPE column was pre-
ared and treated in the same way except that the stuffing was the
IP particles.

. Results and discussion

.1. Interaction between imidazole and the functional monomer

The principle of molecular imprinting lies in the preser-

ation of the pre-polymerized host/guest structure into a
olymer matrix. Thus it is important that the template
nd the functional monomer can form stable complexes
hrough hydrogen bonding, ionic bonding or other interaction
orces in the pre-polymerization mixture [26]. To under-
ute of the molecularly imprinted polymer.

stand the molecular recognition mechanism, the interaction
between template and functional monomer should be stud-
ied.

Toward to this end, UV absorption spectra of the template (imi-
dazole), functional monomer (methacrylic acid) and their mixture
in acetonitrile were determined and the result was shown in Fig. 2.
It can be seen that at the wavelength of 215 nm, the absorbance
values of imidazole and methacrylic acid were 0.236 and 0.844,
respectively. However, the absorbance of their mixture was 0.891,
which was much lower than the summation of 0.236 and 0.844.
This difference was resulted from the interactions of imidazole
with methacrylic acid. Due to the pre-polymerization, the complex
270260250240230220210200190

Wavelength(nm)

Fig. 2. UV absorption spectra of imidazole in the presence of methacrylic acid in
acetonitrile: (1) imidazole (0.125 mmol L−1); (2) methacrylic acid (0.5 mmol L−1);
(3) the mixture of 1 and 2; (4) the sum of adsorption values for 1 and 2.
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Table 1
Some structural parameters for MIP and NIP.

Specific surface areaa (m2 g−1) Total pore volumeb (cm3 g−1) Average pore diameterb (nm)

MIP 206.04 0.29 5.22
0.3
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imprinting factor [23] from the equation:

ˇ = QMIP

QNIP
(2)
NIP 230.54

a Measured by Brunauer–Emmett–Teller (BET) method.
b Measured by Barrett–Joyner–Halenda (BJH) method.

A comparison of 1H NMR spectra for imidazole, methacrylic acid
nd their mixture was shown in Fig. 3. The proton of N-1 and the
roton of C-2 on the imidazole ring shifted downfield from 12.101
nd 7.646 ppm (spectrum a) to 12.797 and 8.025 ppm (spectrum c),
espectively, in the presence of methacrylic acid. Meanwhile, the
ownfield chemical shift of proton of the carboxyl group was from
2.388 ppm (spectrum b) to 12.797 ppm (spectrum c) due to the

nteraction between imidazole and methacrlic acid. All these data
uggested the formation of hydrogen bonding and/or ionic bonding
etween imidazole and methacrylic acid.

.2. Characteristics of MIP and NIP

The morphology of MIP and NIP observed from SEM was shown
n Fig. 4. It was found that shape of the polymers was uniform, and
he size was close to that of the silica particles. The possible reason
as that the polymerization reaction occurred on the surface of

ilica particles, and the coating was very thin so that the shape
nd size of silica particles and the polymers were very similar. It
as also found from the magnified SEM photos (not shown) that

he micro-pore on the surface of NIP was well-distributed but the
verage pore diameter was smaller than that of MIP. This may be
scribed to the elution of template molecules in the preparation of
IP. Table 1 lists the results of nitrogen adsorption experiments for
IP and NIP particles. It can be seen that the specific surface area,

he total pore volume and the average pore diameter were different
or MIP and NIP particles. These data support the observation from
EM photos.

Fig. 5 shows IR spectra of the silica gel-based samples. Obviously,
PTS–silica displayed the characteristic peaks of amino groups at

−1
538 cm , while AC–APTS–silica exhibited the relatively strong
and of carbonyl group at 1665 cm−1. This observation reveals that
he two-step chemical modification was achieved at the surface
f silica particles. In addition, the band at around 2959 cm−1 was
ssigned to the stretching vibration of –CH2– or –CH3, the band at

ig. 3. 1H NMR spectra of imidazole, methacrylic acid and their mixture in DMSO:
a) imidazole (0.15 mol L−1); (b) methacrylic acid (0.60 mol L−1); (c) imidazole
0.15 mol L−1) + methacrylic acid (0.60 mol L−1).
9 5.74

1732 cm−1 was assigned to the absorption of –COOH, and the bands
at 1233 and 1105 cm−1 were ascribed to the stretching vibrations of
C–O–C. The absorption peaks of MIP and NIP particles were similar,
which means that no template molecules were retained on the MIP.

3.3. Molar ratio optimization of the template and the functional
monomer

Although the binding capacity is an effective parameter for the
performance evaluation of the molecularly imprinted polymer, the
ability of selective adsorption is more important for their appli-
cation. Therefore, it would be very significant to investigate the
ability of selective recognition of the molecularly imprinted poly-
mer for the template molecules. For this purpose, three different
molar ratios of imidazole to methacrylic acid were studied in the
preparation of MIP and NIP. The binding capacity (�mol g−1) of imi-
dazole on these polymers was determined and used to calculate the
Fig. 4. SEM micrographs: (a) silica particle; (b) MIP.
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silica; (2) APTS–silica; (3) AC–APTS–silica; (4) MIP; (5) NIP.
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Fig. 5. IR spectra of silica gel-based samples: (1) pure

ere, ˇ is the imprinting factor of the MIP, QMIP and QNIP stand
or the binding capacity of imidazole on the MIP and NIP material.
he results were given in Table 2. It can be seen that among the
hree molar ratios of imidazole to methacrylic acid, the binding
apacity of the polymers prepared at the ratio of 1:6 was maximum,
hereas that at the ratio of 1:2 was minimum. The possible reason
as that the non-specific binding sites increased with increasing
roportion of methacrylic acid, which resulted in the increase of the
ound amount of imidazole. However, the imprinting factor (2.29)
f the polymers prepared at the ratio of 1:4 was the highest. This
uggests that the complex of imidazole with methacrylic acid was
ptimal, and the ability of the polymer for selective adsorption of
midazole was the strongest at this molar ratio. Therefore, 1:4 of
midazole to methacrylic acid was chosen as the right molar ratio
or the preparation of MIP.

.4. Binding isotherms of imidazole on the MIP and NIP

The binding isotherm curves of imidazole on the MIP and NIP
ere plotted in Fig. 6. It was shown that the binding capacity of the
olymers increased with increasing initial concentration of imi-
azole in the range of 1.0–10.0 mmol L−1, and the MIP had higher
ffinity for imidazole than NIP. In the higher concentration range,
he binding capacity was close to be stable. The binding data can
e analyzed by Langmuir equation:

= QmaxCeq

B + Ceq
(3)

here Q stands for the binding capacity (�mol g−1), Qmax is the
aximum binding capacity (�mol g−1), Ceq is equilibrium concen-

ration of imidazole (mmol L−1), and B is a constant. In order to
alculate the maximum binding capacity of imidazole on both MIP
nd NIP, this equation was changed into Eq. (4):
Ceq

Q
= Ceq

Qmax
+ B

Qmax
(4)

Actually, Eq. (4) shows a linear relationship between Ceq/Q and
eq. From the slope of the linear plot, the maximum binding capac-

able 2
inding capacity and imprinting factor for the molecularly imprinted polymers pre-
ared at different molar ratios of template to functional monomer.

ni/nm
a QMIP (�mol g−1) QNIP (�mol g−1) ˇ

1:2 13.0 7.5 1.73
1:4 20.0 8.7 2.29
1:6 36.0 28.5 1.26

a ni and nm are the molar number of imidazole and methacrylic acid, respectively.
C (mmol L-1)

Fig. 6. Adsorption isotherms of imidazole on MIP and NIP.

ity of imidazole on the MIP and NIP was calculated to be 312 and
169 �mol g−1, respectively, indicating that the maximum bind-
ing capacity of imidazole on MIP was 1.84 times of that on NIP.
This difference suggested that the spatial structure of MIP and NIP
materials was different though their chemical composition was
similar. There existed cavities and specific rebinding sites for imi-
dazole on the MIP because the structure of template–monomer
complex, which is possibly resulted from the ionic bonding or
hydrogen bonding between –NH and –CH (2-position) in the imi-
dazole molecules and –COOH in the function monomer, was in
accordance with the shape and structure of template molecules.
However, there were no these “memory” sites in NIP, so that its
binding capacity was lower. Therefore, it is very important to form
cavities and specific rebinding sites for the recognition of the tem-
plate molecules.

In general, the large pore volume results in the large specific
surface area, this is advantageous for the polymer to adsorb the
template molecules [27]. It was found from Table 1 that the specific
surface area and average pore volume of NIP were larger than those
of MIP, but the binding capacity of NIP was smaller than that of MIP.
This indicates that MIP has strong specific adsorption for imidazole.

3.5. Binding kinetic curve of imidazole on the MIP
In Fig. 7, the adsorption kinetic curve of imidazole on MIP was
shown at the imidazole concentration of 3.0 mmol L−1 in acetoni-
trile. It can be seen that the binding capacity increased rapidly in
initial 30 min, and then turned to a plateau. Because MIP was poly-
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methylimidazolium ([C4mim][Cl]), 1-hexyl-3-methylimidazolium
([C6mim][Br]) and benzene derivatives was much larger than that
of imidazole though there were –CH (2-position) in [C4mim][Cl]
and [C6mim][Br]. Therefore, their binding capacity was smaller
than that of imidazole.

Table 3
Binding capacity of different substrates on MIP and NIP.

Substrates QMIP (�mol g−1) QNIP (�mol g−1) �Q (�mol g−1)

Imidazole 46.46 21.71 24.75
1-Methylimidazole 17.73 2.53 15.2
t (min)

Fig. 7. Adsorption kinetic curve of imidazole on MIP.

erized on the surface of silica particles, a thin layer of imprinted
aterial containing recognition sites was only on the surface. The

emplate can be extracted completely following the creation of
he imprint sites during the imprinting step. Also, the template

olecules can reach the imprint sites easily and quickly during the
ebinding step [28]. Therefore, MIP showed good site accessibility
or imidazole and the equilibrium was achieved quickly. However,
n the MIP synthesized by bulk polymerization, the recognition sites

ere not only on the surface but also in the inside of cross linked
olymer network, and the mass transfer of the obtained mono-

ith polymer was slow so that the adsorption equilibrium would be
chieved in a long period of time. These features are not well-suited
or the analysis of real samples. The imprinted polymer synthesized
y surface imprinting technique overcame these drawbacks.

For solid/solution systems, the pseudo-first order kinetic model
5) or the pseudo-second order kinetic model (6):

n(Qe − Qt) = ln Qe − kat (5)

t

Qt
= t

Qe
+ 1

kbQe
2

(6)

an be used to describe the binding process [29]. In these equations,
a and Kb are the rate constants for the first order sorption and
he second order sorption processes, respectively. Qt stands for the
inding capacity (�mol g−1) at given time t, and Qe indicates the
quilibrium binding capacity (�mol g−1). The pseudo-first order
inetic model is the most widely used rate equation to describe
he adsorption of a solute from liquid solution. However, when the
seudo-first order kinetic model was applied to the experiment
ata, no linear relationship was observed, and this model has been
ound to be unsatisfactory in providing a concrete mechanism for
he adsorption process in an equally good number of cases [30,31].
n the pseudo-second order model, the chemisorption of the adsor-
ate on the adsorbent was considered to be the rate-limiting step,
nd the solute molecules reacted with two kinds of adsorption sites.
f the pseudo-second order model was used to treat the experimen-
al data, t/Qt versus t yielded a linear plot (y = 0.10899 + 0.01829 x)
ith correlation coefficient of 0.9996. This suggests that the bind-

ng process can be described by the pseudo-second order model,
nd chemisorption is the rate-controlling step [31]. It is the two
ifferent types of functional groups of imidazole molecule which
ormed two kinds of complexes with methacrylic acid, leading to
wo kinds of binding sites for MIP in molecular recognition process.
.6. Selective adsorption

Selective adsorption experiments were carried out
n acetonitrile solution containing 3.0 mmol L−1 imida-
[C6mim][Br][C4mim][Cl]

Fig. 8. Structures of imidazole and its analogs.

zole or a series of structural analogs 1-methylimidazole,
benzene, 2,4-dichlorophenol, m-dihydroxybenzene, 1-
butyl-3-methylimidazolium chloride ([C4mim][Cl]) and
1-hexyl-3-methylimidazolium bromide ([C6mim][Br]) (their
molecular structures are shown in Fig. 8), and the binding
capacity of these compounds on the MIP and NIP was inves-
tigated by the equilibrium binding approaches. Here we use
�Q (�Q = QMIP − QNIP) as the parameter for the evaluation of
selective adsorption of the polymer [32]. From the results listed
in Table 3, it is obvious that the binding capacity of imidazole
and 1-methylimidazole on the MIP was much higher than that
on the NIP, and the �Q value was the maximum for imidazole
except for benzene. This result suggested that the complexes
between –NH and –CH (2-position) in the imidazole molecules
and –COOH in the function monomer were formed by ionic
bonding or hydrogen bonding. In the procedure of elution, the
template molecule was washed out, and the cavities matched
with the template molecules in shape and size were then created,
which recognized the template molecules effectively. Although
the chemical composition of MIP and NIP is the same, the latter
polymer can only bind the tested compounds by non-specific
adsorption due to the absence of proper cavities and recognition
sites in this polymer. 1-Methylimidazole has similar size and
structure with imidazole, which led to the higher binding capacity
than the other structural analogs. However, the size of 1-butyl-3-
Benzene 225.35 72.90 152.45
2,4-Dichlorophenol 0.52 0.00 0.52
m-Dihydroxybenzen 4.21 2.16 2.05
[C4mim][Cl] 3.96 1.89 2.07
[C6mim][Br] 5.05 2.83 2.22
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Table 4
Recoveries of imidazole (IM), 1-methylimidazole (1-ME), metronidazole (MET), and benzene (BEN) from MIP and NIP columns.a

MIP NIP

IM 1-ME MET BEN IM 1-ME MET BEN

Effluent (%) 0 10 72.3 22.5 27.5 75 98.4 45
First wash (%) 15.0 65.0 8.7 70.0 5.0 0 2.9 0
Second wash (%) 0 0 0 0 30.0 0 0 60.0
Third wash (%) 0 0 0 0 35.0 0 0 0

0:20,
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Elution (%) 87.5 17.5 19.3
Total recovery (%) 102.5 92.5 100.3

a For each washing and elution, 5 mL of methanol and 5 mL of methanol/water (8

On the other hand, results in Table 3 indicate that the binding
apacity increases with decreasing polarity of the compounds. For
xample, the polarity of benzene is the lowest among the structural
nalogs, but its binding capacity is the highest. This suggests that in
he recognition of benzene, the non-specific binding was the main
inding mode. From these results, it can be concluded that both
he size of the target compounds and the non-covalent interactions
ere very important in the binding process.

.7. Solid-phase adsorption behavior of the polymers

.7.1. Effect of flow rate and desorption solvent
In the solid-phase extraction column experiment, flow rate of

olution and eluent was an important parameter affecting the bind-
ng of IM. In order to optimize this factor, the influence of flow rate
n IM binding was studied in the range from 0.2 to 2.0 mL min−1

nd desorption solvent were examined by a batch mode experi-
ent. For this purpose, 100.0 mg of MIP was mixed with methanol

nd packed in a glass column, and 5 mL of acetonitrile solution
ontaining 10 �g IM was allowed to pass through the column. It
as shown that about 100% of IM was bound by MIP when the
ow rate was less than 1.2 mL min−1, but the retention of IM was
nly 92.8% when the flow rate was up to 1.6 mL min−1. It is well
nown that when the flow rate is too fast, IM cannot sufficiently be
dsorbed by MIP in the column. Therefore, we choose 0.5 mL min−1

s the best flow rate in our experiment. Then IM retained in the col-
mn was eluted by methanol, acetonitrile and a mixed solvent of
ethanol/water, respectively. The result suggests that the mixed

olvent of methanol/water (80:20, v/v) was the best desorption
olvent.

.7.2. Selectivity of the MIP–SPE and NIP–SPE columns
Here, imidazole, imidazole-derivatives (1-methylimidazole and

etronidazole) and benzene were chosen to study the selective
dsorption behavior of the MIP–SPE and NIP–SPE columns. After
oading of sample solutions, the remained concentrations of the
ompounds in effluents and eluents from the MIP–SPE and NIP–SPE
olumns were determined, respectively. The adsorption and recov-
ry results were given in Table 4. It can be seen that the binding
apacities of the samples on MIP–SPE column were much higher
han that on NIP–SPE column, and that imidazole could be retained
ompletely on the MIP–SPE column, while 1-methylimidazole,
etronidazole and benzene could be retained only in different

xtents on both of the columns. After three times washing, most of
he imidazole-derivatives and benzene could be washed off from
he columns, but more than 87% of imidazole was still bound on the

IP–SPE column. This indicates that the MIP material has excellent
olecular recognition ability and high selectivity for imidazole.
n contrast, the NIP material has no this ability, and the interac-
ion between targets and the polymer was non-specific affinity. In
ddition, it was observed that benzene could be washed off from
he SPE columns easily after two times washing. This illustrated
gain that the highest binding amount of benzene shown in Table 3
10.0 0 32.5 3.8 5.0
102.5 97.5 107.5 105.1 110

v/v) were used, respectively.

was resulted from its non-specific affinity to the polymers. Con-
sidering the fact that among the test compounds, the polarity of
benzene is low and its interaction with the solvent (acetonitrile) is
weak, benzene would be apt to bind with the sorbent by the non-
selective adsorption during the equilibrium binding process. These
results suggest that it is possible to selectively enrich and separate
imidazole from its structural analogs by using the MIP material.

3.8. HPLC evaluation of the selective separation

In order to further investigated whether the MIP–SPE column
can be used for the selective separation and enrichment of imi-
dazole from a mixture of its structural analogs, chromatographic
experiment was carried out by passing 5.0 mL of acetonitrile
solution, containing 2.0 mg L−1 imidazole, 2.0 mg L−1 1-hexyl-3-
methylimidazolium bromide ([C6mim][Br]) and 2.0 mg L−1 2,4-
dichlorophenol, through the column at a flow rate of 0.5 mL·min−1,
where [C6mim][Br] and 2,4-dichlorophenol were used as inter-
ference species. Then the column was eluted with 1 mL of
methanol–water solution (80:20, v/v), and the analyte in the elu-
ate was analyzed by the HPLC with a flow rate of 0.5 mL min−1 at
30 ◦C. The mobile phase used for HPLC experiment was a mixture
of methanol and water (80:20, v/v), and the UV–vis detector was
operated at 215 nm. The chromatograms for the mixed solution of
imidazole, 1-hexyl-3-methylimidazolium bromide ([C6mim][Br])
and 2,4-dichlorophenol in acetonitrile with and without solid-
phase extraction treatment by MIP were shown in Fig. 9. In this
figure, peaks 1, 2 and 3 were identified as ([C6mim][Br]), imidazole
and 2,4-dichlorophenol, respectively. Compared with the signals
shown in Fig. 9a, it could be found from Fig. 9b that imidazole
could be bound well, but [C6mim][Br] and 2,4-dichlorophenol were
bound poorly on the MIP–SPE column. After elution from MIP–SPE
column, the recovery is 97.6–102.7% for imidazole and 12.2–17.3%
for [C6mim][Br], but 2,4-dichlorophenol in the eluate could not be
determined by HPLC under the experimental conditions. Therefore,
it is appropriate to state that MIP would be used as a solid-phase
sorbent to separate and enrich imidazole from complex matrix.

One of the advantages of MIP–SPE sorbents is their reusabil-
ity. In order to test this performance of the MIP–SPE column,
the mixed solution containing imidazole, [C6mim][Br] and 2,4-
dichlorophenol in acetonitrile was passed through the MIP–SPE
column at the rate of 0.5 mL min−1, and the concentration of imi-
dazole in the mixture was kept at 0.2 mmol L−1. After elution by a
mixed solvent of methanol–water (80:20, v/v), the eluate was ana-
lyzed by HPLC. The result showed that the recovery of imidazole
was higher than 94%, and no significant decrease in selectivity had
been observed after fifty times of reuse of the MIP–SPE column.
3.9. Application to environmental water samples

To demonstrate the ability of MIP to extract IM from real sam-
ples, the trace of IM in lake water, ground water and tap water were
determined under the optimized conditions by coupling MIP–SPE
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Fig. 9. Chromatograms for a mixture of imidazole, [C6mim][Br] and 2,4-dichlorophenol: (a) mixture without extraction by the MIP–SPE column; (b) eluate of the mixture
from the MIP–SPE column. Chromatographic conditions of C18 reversed-phase column: detection wavelength, 215 nm; mobile phase, methanol–water (80:20, v/v); flow rate,
0.5 mL min−1; column temperature, 30 ◦C.

Table 5
Determination of imidazole after MIP–SPE column in real water samples (n = 3).

Samples Add (mg L−1) Detected (mg L−1) Recovery (%) R.S.D. (%)

Lake water – – – –
Lake water 0.30 0.29 96.7 4.3
Lake water 1.00 0.99 99.0 3.6
Ground water – – – –
Ground water 0.30 0.29 96.7 3.3
Ground water 1.00 0.94 94.0 2.9

0
0

a
p
o
s
a
T
d
t
a
t
p
w
r

4

m
s

Tap water – –
Tap water 0.30 0.3
Tap water 1.00 1.0

nd HPLC. In the practical water samples, the lake water was sam-
led from Muye Lake in Xinxiang, the tap water was taken from
ur laboratory, and the ground water from Xinxiang City. The water
amples were filtered to eliminate the solid impurity, and a suitable
mount of water sample was passed through the MIP–SPE column.
he eluent was collected and the content of IM in the eluent was
etermined. It can be seen from Table 5 that no IM was detected in
he samples of lake water, ground water and tap water. When 0.3
nd 1.0 mg L−1 of IM were added, the recoveries of IM were found
o be in the range from 94.0 to 100.0% for the three water sam-
les. These results confirmed that the MIP prepared in the present
ork could be effectively applied for the determination of IM in

eal samples.
. Conclusions

In this work, we prepared a new molecularly imprinted poly-
er by surface polymerization with imidazole as the template and

ilica particles as the support matrix. The structural and adsorp-
– –
100.0 5.3
100.0 1.0

tion characteristics of this polymer have been studied. From our
experimental results, the following conclusions have been drawn:
(i) the shape and size of the molecularly imprinted polymer were
similar to that of the silica particles, and the imprinting factor was
the highest for the imprinted polymer prepared at the molar ratio
of 1:4 of the template to the functional monomer; (ii) the MIP has
strong ability of selective recognition and specific adsorption for
imidazole, and can be used as an excellent solid-phase sorbent
to separate and enrich imidazole from its structural analogs, sug-
gesting that the cavities and specific rebinding sites on the surface
of the imprinted polymer play an important role in the recogni-
tion process of substrates; (iii) the adsorption was fast and the
adsorption equilibrium was achieved in 30 min, and the binding
process could be described by pseudo-second order kinetics; (iv)

the polymer can be reused without significant decrease in selec-
tivity. To the best of our knowledge, this is the first report on
the molecularly imprinted polymer for the separation and enrich-
ment of imidazole. The information obtained here is important for
the solid phase extraction and determination of trace imidazole
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