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bstract

Firstly, functional macromolecule polyethyleneimine (PEI) was grafted onto the surfaces of silica gel particles via the coupling grafting method,
he adsorption material PEI/SiO2 was formed. Secondly, the molecular imprinting was carried out towards the macromolecule PEI grafted on the
urface of silica particles using phenol as a template and diepoxyalkyl (669) as a crosslinking agent. Finally, imprinted polymer MIP-PEI/SiO2

ith high affinity, specific recognition ability and excellent selectivity for phenol was prepared. The adsorption and recognition ability of MIP-
EI/SiO2 for phenol were researched by static methods. The experimental results show that MIP-PEI/SiO2 possesses very strong adsorption and
ecognition ability for phenol. The saturated adsorption capacity could reach to 46.6 mg g−1. The selectivity coefficients relative to resorcin and

-nitrophenol are 35.41 and 37.40, respectively. The empirical Freundlich isotherm was found to describe well the equilibrium adsorption data.
H and temperature have great influence on the adsorption capacity. Diluted hydrochloric acid solution is used as eluent, and the adsorbed phenol
s eluted easily from MIP-PEI/SiO2.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Phenol has great harmful effects for public health and envi-
onmental quality because of its high toxicity and accumulation
f phenol in the environment. The separation and determination
rocesses of low levels of phenol are mainly based on a suitable
tilization of available separation/preconcentration material and
echniques. The preconcentration procedure is an essential step
or the accurate measurement and analysis of the analytes in
race level.

Molecular imprinting technique is a new method for prepa-
ation of highly selective polymer receptors for given molecules
1–4], and the polymers prepared with this technique, molecular
mprinted polymers (MIPs), have been utilized as materi-

ls of molecular recognition in many scientific and technical
elds, such as solid-phase extraction, chromatograph separa-

ion, membrane separations, sensors, drug releases and catalysts,
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E-mail address: anfuqiang@nuc.edu.cn (B. Gao).

(
p
t
c
a
f
e

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.12.095
tc. [5–11]. The conventional method to prepare molecular
mprinted polymers (MIPs) is an entrapment way. The molec-
lar imprinted polymers prepared with conventional methods
ave some disadvantages: (1) the imprinted polymer matri-
es are usually thick, and the number of recognition sites per
nit volume of the polymer is relatively low [12]; (2) the tem-
late molecules are embedded in the matrices too deeply, so
hat not is only the elution difficult, but also the diffusion
arrier for the template molecules is introduced [12,13], the
ate of mass transfer is lower, and the template molecules are
ot easy to bind with recognition sites. In order to overcome
hese drawbacks effectively, the surface molecular printing tech-
ique has been developed in recent years [13–17]. The surface
rinting technique can be divided basically into two kinds:
1) the surface printing technique based on the emulsion and
recipitation polymerization [13–15]; (2) the surface printing
echnique based on the surface modification of silica gel parti-

les [16,17]. For the latter method, there are several technologies,
nd among them, grafting polymerization method on the sur-
aces of silica gel particle has received some attention. Sulitzky
t al. [18] grafted thin films of molecularly imprinted poly-

mailto:anfuqiang@nuc.edu.cn
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ous M

m
m

p
a
g
[
w
t
m
p
a
a
f
a
m

2

2

p
0
p
u
t
L
c
g

2
P
p
I
t
t

2

a
p
t
a
a
w
r
P

d
P

m
c

2

fl
c
fl
t
t
c

Q

w
o
M

2

fl
t
e
p
r
w
c

Q

2
M

(
t
i
t
e

2

n
r
o
I
5
a
s
t
s

F. An et al. / Journal of Hazard

ers on silica gel particle surfaces by utilizing “grafting from”
ethod.
Polyethyleneimine (PEI) is a kind of water-soluble

olyamine, and there are a great number of nitrogen atoms of
mino groups on its macromolecular chains, very strong hydro-
en bond interaction can be produced between PEI and phenol
19]. In this study, functional macromolecule polyethyleneimine
as grafted onto the surfaces of silica gel particles, and then

he molecular imprinting was carried out towards the macro-
olecule PEI grafted on the surface of silica particles using

henol as a template, diepoxyalkyl (669) as a crosslinking
gent. Finally, imprinted polymer MIP-PEI/SiO2 with high
ffinity, specific recognition ability and excellent selectivity
or phenol was prepared, and the adsorption and recognition
bility of MIP-PEI/SiO2 for phenol were researched by static
ethods.

. Experimental

.1. Materials and instruments

Silica was purchased from Ocean Chemical Limited Com-
any (about 150 �m in diameter, pore size: 5 nm, pore volume:
.8 mL g−1, surface area: 310 m2/g, Qingdao, China). PEI was
urchased from Qianglong Chemical Limited Company (molec-
lar mass, 10,000, Wuhan, China, AR grade). �-Chloropropyl
rimethoxysilane was purchased from Yongchang Chemical
imited Company (Naking, China, AR grade). Phenol and other
hemicals were purchased from Beijing Chemical Plant (AR
rade).

Used instruments in this study were as follows: Unic-
602 UV spectrophotometer (Unic Company, American),
erkinElmer1700 infrared spectrometer (PerkinElmer Com-
any, American), PHS-2 acidimeter (The Second Analytical
nstrument Factory of Shanghai, China), THZ-92C constant
emperature shaker (Boxun Medical Treatment Equipment Fac-
ory of Shanghai, China).

.2. Preparation and characterization of MIP-PEI/SiO2

The material PEI/SiO2 was prepared and characterized
ccording to the process described in previous study [20,21]. For
reparation of MIP-PEI/SiO2, a certain amount of PEI/SiO2 par-
icles adsorbed phenol and diepoxyalkyl (669) were added into
bsolute ethanol, and the reaction was allowed to carry out for 6 h
t room temperature with continuous stirring. Finally, particles
ere fully washed with hydrochloric acid solution of 0.1 M to

emove the template, and the phenol-imprinting polymer MIP-
EI/SiO2 was obtained.

The infrared spectrums of PEI/SiO2 and MIP-PEI/SiO2 were
etermined in order to confirm the chemical structure change of

EI/SiO2 after molecular imprinting.

For researching the imprinting effect, crosslinking poly-
er CP-PEI/SiO2 was prepared with absence of phenol when

rosslinking reaction was carried out.

n

K
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.3. Measurement of kinetic adsorption curve

About 0.2 g of MIP-PEI/SiO2 was introduced into a conical
ask directly. 50 mL of aqueous phenol solution with a initial
oncentration (C0) of 4000 mg L−1 was then added into conical
asks. This conical flask was placed in a shaker at a presettled

emperature and pH and shaken. At different times, the concen-
ration (Ct) of phenol solution was determined. The adsorption
apacity (Q) was calculated according to Eq. (1).

= V (C0 − Ct)

m
(1)

here Q (mg g−1) is he adsorption capacity; V (L) is the volume
f the phenol solution; m (g) is the weight of the absorbent
IP-PEI/SiO2.

.4. Measurement of adsorption isotherm

About 0.2 g of MIP-PEI/SiO2 was introduced into a conical
ask directly. 50 mL aqueous solution of phenol with concentra-

ion (C0) of 1000, 2000, until 8000 mg L−1 were then added into
ach conical flask. The conical flasks were placed in a shaker at a
resettled temperature and pH and shaken. After the adsorption
eached equilibrium, the concentration (Ce) of phenol solution
as determined. The equilibrium adsorption capacity (Qe) was

alculated according to Eq. (2).

e = V (C0 − Ce)

m
(2)

.5. Influences of various factors on adsorption property of
IP-PEI/SiO2

Varying the pH of each sample solution by buffer solutions
NH4NO3–NH3·H2O and NaAc–HAc), the influence of pH on
he adsorption property of MIP-PEI/SiO2 was examined. Vary-
ng the temperature of each sample solution, the influence of
emperature on the adsorption property of MIP-PEI/SiO2 was
xamined.

.6. Selectivity studies

In order to show the selectivity of MIP-PEI/SiO2 for phe-
ol, competitive adsorptions of resorcin and p-nitrophenol with
espect to phenol were also studied. The binary mixed solutions
f resorcin/phenol and p-nitrophenol/phenol were prepared.
n these mixed solutions, the concentration of phenol was
000 mg L−1 and same as other two components. The static
dsorption experiments were performed for the two mixed
olutions. After adsorption equilibrium was reached, the concen-
rations of phenol, resorcin and p-nitrophenol in the remaining
olutions were determined with spectrophotometry, respectively.

Distribution coefficients of phenol, resorcin and p-

itrophenol were calculated by Eq. (3).

d = Qe

Ce
(3)
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The adsorption isotherms at different pH values are shown
in Fig. 3. The effect of pH value on the adsorption property of
MIP-PEI/SiO2 can be seen clearly from Fig. 4, which comes
88 F. An et al. / Journal of Hazard

here Kd represents the distribution coefficient (L g−1); Qe
mg g−1) is the equilibrium adsorption capacity; Ce (mg L−1)
s the equilibrium concentration.

The selectivity coefficient of MIP-PEI/SiO2 for phenol with
espect to the competitor species (assigned as B) can be obtained
rom the equilibrium binding data according to Eq. (4)

= Kd(phenol)

Kd(B)
(4)

here k is the selectivity coefficient and B represents the resorcin
r p-nitrophenol. The value of k allows an estimation of selectiv-
ty of MIP-PEI/SiO2 for phenol. A relative selectivity coefficient
′ can be defined as expressed in Eq. (5), and the value of k′ can
ndicate the enhanced extent of adsorption affinity and selectiv-
ty of imprinting material MIP-PEI/SiO2 for the template with
espect to CP-PEI/SiO2.

′ = kMIP

kCP
(5)

.7. Desorption and repeated use

The repeated usability, i.e., regenerability, is an important
actor for the absorption material. Desorption of the adsorbed
henol from the MIP-PEI/SiO2 also studied in by static experi-
ental. Adsorbed phenol was desorbed by treatment with 0.1 M

f hydrochloric acid solution. The phenol adsorbed by MIP-
EI/SiO2 was placed in the eluent and stirred continuously at
oom temperature for 2 h. The final phenol concentration in
queous phase was determined. Desorption ratio was calcu-
ated from the amount of phenol adsorbed on the MIP-PEI/SiO2
nd final phenol concentration in the eluent. In order to test
he reusability of MIP-PEI/SiO2, phenol adsorption–desorption
rocedure was repeated ten times by using the same imprinted
olymer.

. Results and discussion

.1. Preparing process and structure characterizing of
IP-PEI/SiO2

Firstly, the ring opening reaction between diepoxyalkyl (669)
nd amine groups of PEI chain takes place when the crosslink-
ng agent diepoxyalkyl (669) is added. Then the template was
emoved with hydrochloric acid solution. Finally, molecular
mprinted polymer MIP-PEI/SiO2 was formed. The preparing
rocess of MIP-PEI/SiO2 is expressed in Scheme 1.

The FTIR spectra of PEI/SiO2 before and after imprinting
ere measured and are shown in Fig. 1. After imprinting, the

bsorption band at 1191 cm−1 is strengthened distinctly, which
s the characteristic absorption of C–N bond of tertiary amine
roups. Whereas all the absorption bands at 3584, 1660 and
02 cm−1, which are vibration absorption of N–H bond, disap-

ear, and the disappearance of these bands reveals that the H
toms of the primary and secondary amine groups in PEI chains
ave been substituted completely by alkyl, namely, all of pri-
ary and secondary amine groups in PEI chains have changed

F
2

Fig. 1. FTIR spectrum of PEI/SiO2 and MIP-PEI/SiO2.

nto tertiary groups. At the same time, the vibration absorption
f O–H groups has been appeared at 3447 cm−1, and it indi-
ates further that the ring opening reaction has been occurred.
he above observations show fully that the crosslinking between
acromolecules of PEI has been produced by the effect of the

rosslinking agent 669, and a layer of molecular imprinted poly-
er has been formed on the surfaces of silica gel particle, i.e., the

urface molecular imprinted polymer MIP-PEI/SiO2 has been
btained.

.2. Kinetic adsorption curve of MIP-PEI/SiO2 for phenol

The kinetic adsorption curve is shown in Fig. 2. The adsorp-
ion of MIP-PEI/SiO2 towards phenol reaches to equilibrium in
h. It was implied that MIP-PEI/SiO2 possesses high affinity

or phenol. The high affinity attributes to the hydrogen bond
nteraction (main) and electrostatic interaction between them.

.3. Adsorption isotherm of MIP-PEI/SiO2 for phenol
ig. 2. Kinetic adsorption curve of MIP-PEI/SiO2 for phenol. Temperature:
0 ◦C; pH 7; initial concentration of phenol: 4000 mg L−1.
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Scheme 1. Synthesis process of MIP-PEI/SiO2.
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Table 1
The linear regression coefficient, parameter n and k in Freundlich equation at
different pH

pH 2 4 5 7 9 10 12

n 0.9726 0.9844 0.9728 0.9745 0.9726 0.9674 0.9801
1
R

d
a

f

Q

l

e
regression is performed according to the logarithmic form, and
ig. 3. Adsorption isotherms of MIP-PEI/SiO2 for phenol at different pH. Tem-
erature: 20 ◦C; adsorption time: 8 h.

rom the data of Fig. 3. Obviously, the value of pH has a great
nfluence on the adsorption property of MIP-PEI/SiO2 for phe-

ol, in acidic and basic solutions, the adsorption capacities are
ll lower, and in neutral solution there is the greatest adsorption
apacity. Different molecule forms of PEI and phenol and differ-
nt acting forces between them causes the adsorption capacity

Fig. 4. Adsorption capacity of MIP-PEI/SiO2 at different pH.

t
e
a

04 k 3.18 28.72 53.71 127.90 122.86 102.13 33.64
0.9998 0.9999 0.9999 0.9997 0.9996 0.9999 0.9997

ifferences at different pH values. The reasons for this have been
nalyzed in detail in the previous study [19].

Freundlich adsorption equation and its logarithms form are
ollows:

e = kCn
e (6)

nQe = lnk + n lnCe (7)

The data in Fig. 3 are treated using Freundlich adsorption
quation, and the straight line is displayed in Fig. 5. Linear
he curve of the ln Qe vs. ln Ce fit satisfactorily to Freundlich
quation. The linear regression coefficient, parameter n and k
re listed in Table 1.

Fig. 5. Plot of ln Qe vs. ln Ce at different pH.
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Fig. 6. Adsorption isotherms of MIP-PEI/SiO2 for phenol at different tempera-
ture. pH 7; adsorption time: 8 h.

Table 2
The linear regression coefficient, parameter n and k in Freundlich equation at
different temperature

T/K 293 303 313 323 333

n 0.9745 0.9743 0.9746 0.9745 0.97269
1
R

i
l
o
d
a
p

e

l

w
i
v
f
T
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Fig. 7. Plot of ln k vs. K/T.

Fig. 8. Adsorption isotherms of phenol, resorcin and p-nitrophenol on CP-
PEI/SiO2. Temperature: 20 ◦C; time: 8 h; pH 7.

F
P

c
l

04 k 127.90 98.14 71.97 54.03 40.86
0.9997 0.9998 0.9999 0.9995 0.9998

The adsorption isotherms at different temperatures are shown
n Fig. 6. The linear regression coefficient, parameter n and k are
isted in Table 2. It can be seen that the influence of temperature
n the adsorption capacity is greater, and the adsorption capacity
ecreases with the rising of temperature. This implies that the
dsorption of MIP-PEI/SiO2 towards phenol is an exothermic
rocess.

The dependence of adsorption with temperature have been
valuated using the following equations:

nk = −�H

RT
+ C (8)

here �H and T are the change of enthalpy and temperature
n Kelvin, respectively, R is the gas constant. The plot of ln k
s. 1/T is shown in Fig. 7; it gives the numerical values of �H
rom slope. The numerical values of �H is −23.33 kJ mol−1.
he negative value of �H also indicates the adsorption of MIP-
EI/SiO2 towards phenol is an exothermic process.

.4. Adsorption selectivity

Figs. 8 and 9 are the adsorption isotherms of CP-PEI/SiO2
nd MIP-PEI/SiO2 towards phenol, resorcin and p-nitrophenol,
espectively. It can be seen that the saturated adsorption capacity
f phenol on CP-PEI/SiO2 is lower than that of resorcin and p-
itrophenol. The reason is that there are two functional groups in
esorcin and p-nitrophenol, and the two functional groups could

roduce hydrogen bond interaction with PEI, but phenol has only
ne functional group could produce hydrogen bond interaction
ith PEI. After imprinted with phenol, the adsorption capacity
f phenol on MIP-PEI/SiO2 does not change, but the adsorption

P
s

n

ig. 9. Adsorption isotherms of phenol, resorcin and p-nitrophenol on MIP-
EI/SiO2. Temperature: 20 ◦C; time: 8 h; pH 7.

apacity of resorcin and p-nitrophenol on MIP-PEI/SiO2 is much
ower than that of phenol. The above facts display fully that MIP-
EI/SiO has high affinity, high recognition ability and special
2
electivity for phenol. Further data will be given in Table 3.

Competitive adsorptions of phenol/resorcin and phenol/p-
itrophenol on MIP-PEI/SiO2 from their mixtures were



F. An et al. / Journal of Hazardous Materials 157 (2008) 286–292 291

Table 3
Distribution coefficient and selectivity coefficient data of MIP-PEI/SiO2

Adsorbent Kd (L g−1) k k′ Kd (L g−1) k k′

Phenol Resorcin Phenol p-Nitrophenol

MIP-PEI/SiO2 9.56 0.27 35.41
40.CP-PEI/SiO2 10.09 11.59 0.87

r
d
s

P
a
M
t
c
n
s
s
d
r
o
c
r

3

a
p
i
M
b

M
t
r
i

4

s
a
o
p
p
s
c
s
3
e

R

[

[
drug delivery, J. Chromatogr. B 804 (2004) 231–245.
Fig. 10. Curve of reusability.

esearched in static systems. Table 3 summarizes the data of the
istribution coefficients Kd, selectivity coefficients k and relative
electivity coefficients k′.

It can be seen that the selectivity coefficients of MIP-
EI/SiO2 for phenol/resorcin and phenol/p-nitrophenol increase
fter imprinted. This suggests that the adsorption abilities of
IP-PEI/SiO2 for phenol are very strong, and far stronger than

hat for resorcin and p-nitrophenol. The reason for this is that the
avities imprinted by phenol are nonmatched to resorcin and p-
itrophenol in size, shape and spatial arrangement of combining
ites. Resorcin and p-nitrophenol are bigger than phenol in size,
o they could not enter into the cavity imprinted by phenol, and
ifficult to produce hydrogen bond interaction with PEI. This
esults in the adsorption capacity of resorcin and p-nitrophenol
n MIP-PEI/SiO2 is very poor. The relative selectivity coeffi-
ients relative to resorcin and p-nitrophenol are 40.70 and 38.96,
espectively

.5. Desorption and reusability

Desorption ratios are very high (97.9%). When hydrochloric
cid is used as an eluent, the hydrogen bond interaction between
henol and PEI is disrupted and subsequently phenol are released
nto desorption medium. In order to show the reusability of the

IP-PEI/SiO2, sorption–desorption cycle was repeated 10 times
y using same imprinted material.

Adsorption–desorption cycle of phenol-imprinted polymer
IP-PEI/SiO2 was shown in Fig. 10. The results clearly showed
hat the phenol-imprinted polymer MIP-PEI/SiO2 could be used
epeatedly without loosing significantly their adsorption capac-
ties.

[

70
9.35 0.25 37.40

38.969.84 10.25 0.96

. Conclusions

In this paper, imprinting towards polyethyleneimine on the
urfaces of silica gel particles was carried out successfully,
nd novel molecular imprinted material MIP-PEI/SiO2 was
btained. The imprinted cavities are distributed in thin imprinted
olymer layer, there is a smaller barrier for the diffusion of tem-
late, and so it is easy and rapid to bind with those recognition
ites for the template. MIP-PEI/SiO2 possesses high affinity, spe-
ific recognition ability and excellent selectivity for phenol. The
electivity coefficients relative to resorcin and p-nitrophenol are
5.41 and 37.40, respectively. Additional, MIP-PEI/SiO2 has
xcellent reusability.
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