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ABSTRACT

In this research, ion-imprinted poly(2-acrylamido-2-methyl-1-propansulfonic acid)/modified
silica composite hydrogels were prepared using Pb(II) ions as template by in situ free-radical
polymerization. The ability of the imprinted composite hydrogels to adsorb and remove Pb
(II) ions from aqueous solutions was assessed using batch adsorption technique. The adsorp-
tion amount was pH-dependent, and the maximum adsorption capacity was observed at pH
5.0. The adsorption process could be well described by the Langmuir isotherm. The adsorp-
tion equilibrium was achieved within 15min, and the kinetics of adsorption followed a
pseudo-second-order rate equation. Thermodynamic parameters such as the Gibbs free
energy (DG0), enthalpy (DH0), and entropy (DS0) for the metal ion adsorption were estimated.
Results suggested that the adsorption process was a spontaneous, exothermic process that
had positive entropy. The Pb(II) ion-imprinted composite hydrogels exhibited extremely high
selectivity coefficient, which was much higher than that of corresponding non-imprinted
composite hydrogels. Regeneration studies suggested that metal ion rebinding capacity of
the Pb(II) ion-imprinted composite hydrogels did not change significantly through six cycles
of sorption–desorption process.
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1. Introduction

The molecular or ionic imprinting technique is an
approach to prepare ‘‘host” molecules that can recog-
nize ‘‘guest” species (molecules or ions) [1]. A tem-
plate molecule or ionic specie is self-assembled with
the functional monomers to form a variety of bonded

complexes. The complex is then polymerized in the
presence of cross-linkers to produce a rigid network
structure. When the templates are removed, the bind-
ing sites (cavities) are formed in the polymer matrix.
As these cavities are spatially and functionally accessi-
ble to the templates, the imprinted polymers synthe-
sized have strong selective recognition abilities toward
the template molecule or ion from a mixture of chemi-
cal species [2]. In addition, molecular or ion imprinted*Corresponding author.
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polymers have many advantages such as easy storage,
reusability, and utility in harsh environment.

During the past several years, numerous studies
on ion imprinted polymers and their use for selective
separation and preconcentration of metal ions have
been reported, including lanthanides, actinide, noble
metals, and heavy metals [3–5]. In order to remove
/separate a specific metal ion from a mixture, whether
toxic or precious, a selective separation method is
required. Selective separation of heavy metal ions is
desirable not only from an environmental standpoint
but also as an economical one when the metal is pre-
cious or reusable. Lead ion, same as other heavy metal
ions, has harmful effects on the ecology and living
organisms. Wastewater containing lead ions brings a
series of serious environmental problem because of
high toxicity and accumulation in the environment.
Especially, accumulation of lead ions in the human
body can cause cancer and brain damage. Hence, the
selective detection of lead ions is of great importance
for environmental protection [6]. Among the methods
for the removal of heavy metal ions, adsorption is
generally preferred due to its high efficiency, easy
handling, and availability of different adsorbents.
Many publications concentrated on the use of hydro-
gels having amide, amine, carboxylic acid, or ammo-
nium groups that can bind with heavy metal ions, as
the adsorbent to remove the heavy metal ions because
their high adsorption capacity, the ease of operation,
especially regeneration ability encourage their applica-
tions in waste water treatment [7,8].

However, hydrogels prepared from either natural
or synthetic sources usually exhibit poor mechanical
properties. Generally, addition of rigid silica particles
to a polymer matrix can result in an increase in the
strength and modulus of the composite, because of
the strong interactions or chemical bonding between
silica particles and the polymer components [9].

Silica/polymer composites are promising materials
that have been widely used as aerospace materials,
structural materials, electronics, sensors, etc. Three
main synthesis approaches have been developed to
produce silica/polymer composites. The first approach
involves mixing polymers with silica particles or silica
precursors directly [10,11]. For example, silica compos-
ites of poly(methyl methacrylate), poly(ethylene glycol)
and polyurethane have been prepared by mixing these
polymers with silica colloids in solution or silica pre-
cursors that hydrolyze and condense to form silica
within the polymer matrix. The second synthesis
approach usually involves direct mixing of the polymer
monomers with silica particles followed by polymeriza-
tion of the monomers [12,13]. For example, silica col-
loids in solution have been mixed with organic

monomers such as styrene, methyl methacrylate, ethyl
acrylate, and 2-hydroxyethyl methacrylate. Subsequent
polymerization of these monomers led to the formation
of silica composites. The third synthesis approach
involves mixing both silica precursors and polymer
monomers followed by simultaneous polymerization of
the precursors and monomers. Silica composites of
polystyrene or poly(2-hydroxyethyl methacrylate) have
been prepared using this approach [14,15].

To the best knowledge of the author, there have
been no reports about the silica based ion-imprinted
composite hydrogels used for selective metal ion
adsorption. In this research, ion-imprinted poly(2-
acrylamido-2-methyl-1-propansulfonic acid) (AMPS)/
modified silica composite hydrogels were prepared
using in situ free-radical polymerization. At the same
time, the nonimprinted composite hydrogels were
synthesized as a control. The influence of pH value of
the feed solution on the adsorption amount of Pb(II)
ions from aqueous solutions was studied. Then, the
adsorption kinetic, thermodynamic parameters and
adsorption isotherm of the imprinted composite
hydrogels were investigated. Finally, the selective
adsorption and regeneration abilities of the imprinted
composite hydrogels were evaluated.

2. Materials and methods

2.1. Materials

Silica nanoparticles (10 nm in size), and AMPS
were purchased from Sigma–Aldrich Chemicals. N,N
´-methylene bisacrylamide (MBA) and ammonium
persulfate (APS), used as a cross-linking agent and an
initiator, were purchased from Sigma–Aldrich Chemi-
cals and used without further purification. Lead
nitrate [Pb(NO3)2·6H2O] used in adsorption experi-
ments was purchased from Shanghai Chemical
Reagents Co. China. In order to improve the metal ion
adsorption capacity, silica was modified by the amina-
tion reaction using the method as described in the
literature [16,17]. Fig. 1 shows the chemical structure
of the modified silica (SiO2–NH2).

2.2. Preparation of Pb(II) ion-imprinted composite
hydrogels

The Pb(II) ion-imprinted composite hydrogel [Pb
(II)-IICH] was synthesized by in situ free-radical poly-

SiO2 O Si NH NH NH2

Fig. 1. The structure of the modified silica (SiO2–NH2).
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merization with MBA as a cross-linker and Pb(II) ions
as the template. The detailed synthesis route was
described as follows. A mixture of 1.5 g AMPS, 0.5 g
SiO2–NH2, and 0.79 g Pb(NO3)2·6H2O were added into
distilled water. And the mixture was stirred vigor-
ously for 1 h. Then, 0.075 g MBA (5% w/w based on
AMPS) and 0.015 g APS (1% w/w based on AMPS)
were added into the solution as the crosslinker and
initiator. The solution was heated for 24 h in a con-
stant temperature water bath at 65˚C until the mono-
mer AMPS polymerized completely. Then, the
product was grinded and treated with 1.0mol L�1 HCl
to completely leach Pb(II) ions. At last, the composite
hydrogel was filtered with distilled water to neutral-
ization and dried at 60˚C under vacuum, resulting in
the desired Pb(II)-IICH. By comparison, the nonim-
printed composite hydrogel (NICH) was similarly
synthesized in the absence of Pb(NO3)2·6H2O.

2.3. Adsorption capability studies

Adsorption studies were carried out in magneti-
cally stirred (160 rpm), thermostated (25˚C) cylindrical
glass vessels in batch conditions. The dried composite
hydrogels was added into Pb(II) ion solution
(0.005mol L�1 metal ion, 500mL) to determine the
metal ion adsorption capacity of the samples under
noncompetitive conditions. The pH of the metal feed
solutions was adjusted using 0.01mol L�1 citrate solu-
tion before the sample was applied for the adsorption
process. Amount of the residual metal ions in the
solution was determined using a Thermo Elemental-X
Series Inductively Coupled Plasma-Mass Spectrometer
(ICP-MS) after 24 h [18]. Amount of adsorbed metal
ion (q, mmol/g) was calculated from the following
equation:

q ¼ ðC0 � CÞV
m

ð1Þ

where C0 (mmol L�1) and C (mmol L�1) were the
metal ion concentrations in the initial solution and
after the adsorption for different periods of time,
respectively. V (L) was the volume of the solution
added and m (g) was the amount of sample used.

2.4. Adsorption kinetics

Batch studies were carried out using the Pb(II)-
IICH to determine the effect of time duration on the
chelation of Pb(II) ions at 25˚C. The Pb(II)-IICH was
added into the Pb(II) ion solution (0.005mol L�1)
at pH=5. At regular intervals, amount of adsorbed
Pb(II) ions was determined as mentioned previously.

2.5. Equilibrium adsorption isotherm

The studies were carried out using the Pb(II)-IICH
to determine the effect of the initial metal ion concen-
tration, which varied from 0.0005 to 0.005mol L�1, on
the adsorption capability. The pH and temperature of
incubation were 5.0 and 25˚C, respectively.

2.6. Selective adsorption studies

The selectivity of the Pb(II)-IICH and NICH for Pb
(II) ions over other heavy metal ions was evaluated
from the selectivity coefficient ðbPb2þ=M2þÞ [19], which
was defined as:

bPb2þ=M2þ ¼ DPb2þ

DM2þ
ð2Þ

where DPb
2+ and DM

2+ were the distribution ratios of
the Pb(II) ions and other coexistent heavy metal ions,
respectively. The distribution ratio (D) was calculated
by using the following expression:

D ¼ C0 � Ce

Ce

� V

W
ð3Þ

where C0 and Ce were the concentrations of metal ions
in the initial solution and equilibrium solution
(mol L�1), respectively, and V was the volume of the
aqueous solution (L) and W was the mass of dry com-
posite hydrogels (g).

The effect of imprinting on selective adsorption
was evaluated with the relative selectivity coefficient
br, which can be defined as the following expression:

br ¼
bimprinted

bnon-imprinted

ð4Þ

where bimprinted and bnon-imprinted were selectivity coef-
ficients of the imprinted and non-imprinted composite
hydrogels, respectively.

2.7. Regeneration studies

The metal ions were freed from the metal-complexed
Pb(II)-IICH by treating with 1molL�1 HCl. The
acid-treated Pb(II)-IICH was filtered and washed with
distilled water to remove acid. The concentration of des-
orbed metals was determined as mentioned above. The
desorption ratio was calculated as follows: desorption
ratio= (Amount of metal ion desorbed into solution/
Amount of metal ion bound to Pb(II)-IICH)� 100%.
A second metal binding cycle was repeated with the
regenerated Pb(II)-IICH. Recovery ratio= (Amount of
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Pb(II) ion adsorbed in the second run/Amount of Pb(II)
ion adsorpted in the first run)� 100%.

3. Results and discussion

3.1. Adsorption studies

Metal ion sorption on sorbent is influenced by pH
due to the competition between the metal and H+ ions
for active sorption sites, so the pH value is one of the
important factors controlling the sorption of Pb(II)
ions from aqueous solutions. The distribution of metal
species in aqueous solution as a function of pH
reveals that Pb(II) ions precipitate in the forms of
metal oxides or hydroxides at pH>6. Hence, the
experiments were conducted at pH=2, 3, 4, and 5. In
this case, the sorption, not precipitation, was responsi-
ble for the removal of Pb(II) ions [20].

Fig. 2 shows the effect of pH on the adsorption of
Pb(II) ions by imprinted and nonimprinted composite
hydrogels. It could be seen that the adsorption capac-
ity for both composite hydrogels increased remarkably
with increasing pH values and reached to maximum
at pH 5.0. The highest adsorption amount for Pb(II)
ions onto Pb(II)-IICH and NICH were 13.45 and
7.58mmol g�1, respectively, from which the imprinting
effect was clearly observed. The adsorption capacity
for Pb(II)-IICH was higher than that for NICH at all
pH values because in Pb(II)-IICH the cavities created
after removal of template were complementary to the
imprint ion in size and coordination geometries,
whereas in NICH there was a random distribution of
ligand functionalities.

As expected, due to the involvement of –NH2 group
in complexation with Pb(II) ions, the sorption of Pb(II)
ions at lower pH values was highly dependent on the

pH of solution, because of the competition of proton
with Pb(II) ions for –NH2 site. Therefore, smaller
amount of Pb(II) ions was adsorbed by the Pb(II)-IICH.
As the pH increased, the protonation of ligand was
suppressed, resulting in more favorable for complex
formation and sorption of Pb(II) ions to the composite
hydrogels. The adsorption capacity above pH 5.0 was
not investigated because of the possibility of hydrolysis
and precipitation of the Pb(II) ions.

3.2. Adsorption kinetics

Fig. 3 shows the time dependence of
adsorption capacity of Pb(II) ions on Pb(II)-IICH. High
adsorption rate was observed at the beginning of the
adsorption process, after which adsorption equilib-
rium was quickly reached within 15min. The maxi-
mum adsorption capacity for Pb(II) ions was
13.45mmol g�1 of dry Pb(II)-IICH. This fast adsorption
equilibrium was probably due to high complexation
rate and geometric shape affinity (or memory)
between Pb(II) ions and Pb(II) cavities in the compos-
ite hydrogel structure. It was well known that
removal of the template from the Pb(II)-IICH matrix
leaved cavities of complementary size, shape, and
chemical functionality to the template. This template
effect was attributed to the existence of Pb(II) ion
memorized cavities on the hydrogel surface [21]. A
desirable coordination space was formed on the sur-
faces to facilitate the interaction with the adsorbed Pb
(II) ions.

For evaluating the adsorption kinetic of Pb(II) ions
on Pb(II)-IICH, the kinetic data were fitted by the
pseudo-first-order and pseudo-second-order kinetic
models [22], which were respectively expressed as
follows:
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Fig. 2. Influence of pH values on the adsorption capacity
of Pb(II)-IICH and NICH.
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Fig. 3. The time dependence of adsorption capacity of
Pb(II) ions by the Pb(II)-IICH.

J. Wang and X. Li / Desalination and Water Treatment 52 (2014) 274–282 277



lnðqe � qtÞ ¼ ln qe � k1t ð5Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð6Þ

where t was the contact time (min); qt and qe were the
amount of Pb(II) ions adsorbed at an arbitrary time t
and at equilibrium (mmol g�1), respectively; k1 (min�1)
and k2 (gmmol�1min�1) were the rate constants of
adsorption, respectively.

The plot of ln(qe�qt) vs. t, and t/qt vs. t for the
adsorption of Cu(II) ions were respectively shown in
Figs. 4 and 5. The results showed that the correlation
coefficient for the pseudo-first-order kinetic model
was relatively low (R2 = 0.972). However, the pseudo-
second-order rate equation for the adsorption of Cu
(II) ions onto Pb(II)-IICH agreed well with the data
(R2 = 0.999). Based on the correlation coefficient, the
pseudo-second-order rate equation was fairly suited
to depict the adsorbing kinetic process of Pb(II) ions
on Pb(II)-IICH, suggesting chemical sorption as the
rate-limiting step of the adsorption process [22].

3.3. Adsorption isotherms

Adsorption isotherms were used to evaluate the
adsorption properties of the Pb(II)-IICH. Fig. 6 shows
the dependence of the equilibrium concentration on
the adsorbed amount of Pb(II) ions onto the composite
hydrogels with the initial Pb(II) ion concentration
ranging from 0.0005 to 0.005mol L�1. It was evident
that the adsorption capacity increased with the initial
concentration of Pb(II) ion in solution, progressively
saturating the adsorbent. That was satisfactory for the
trace analysis of Pb(II) ions in aqueous solutions.

Equilibrium data, commonly known as adsorption
isotherm, are basic requirements for designing of
adsorption systems. In this work, the equilibrium data
for Pb(II) ions on Pb(II)-IICH were modeled with the
Langmuir and Freundlich isotherm equation in the
linearized form [23], which were respectively
expressed as follows:

Ce

qe
¼ K

qm
þ Ce

qm
ð7Þ

ln qe ¼ 1

n
ln Ce þ lnKF ð8Þ

where qe was the equilibrium metal ion adsorption
amount (mol g�1), Ce was the equilibrium metal ion
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Fig. 4. Pseudo-first-order kinetic for adsorption of Pb(II)
ions by the Pb(II)-IICH.
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concentration in the solution (mol L�1), qm represented
the maximum amount of metal ions that could be
adsorbed on the Pb(II)-IICH (mol g�1), and K was a
constant of the Langmuir model (mol L�1). KF

(mol g�1) and n were the Freundlich constants depict-
ing the adsorption process.

The plot of Ce/qe against Ce and lnqe vs. lnCe for
the experimental data were respectively shown in
Figs. 7 and 8. The adsorption of Pb (II) on Pb(II)-IICH
was well fitted to the Langmuir isotherm model
(R2 = 0.9999). However, the correlation coefficient of
Freundlich isotherm model was low (R2 = 0.9781). The
theoretical qm value (13.68mmol g�1) calculated from
the Langmuir adsorption model was close to the
experimental value (13.45mmol g�1). As a result, the
Langmuir adsorption model, which was considered to
be the formation of monolayer coverage of analytes at
the surface of the sorbent, can be applied in the
adsorption process of Pb(II) onto Pb(II)-IICH [23].

3.4. Thermodynamic study

Thermodynamic parameters for the Pb(II) ion
adsorption on Pb(II)-IICH such as Gibbs free energy
(DG0), enthalpy (DH0) and entropy (DS0) were investi-
gated.

The Gibbs free energy change DG0 could indicate
the degree of the spontaneity of the adsorption pro-
cess. For significant adsorption to occur, the free
energy changes (DG0) of adsorption must be negative.
The values of the standard Gibbs free energy were
estimated using the following equation:

DG0 ¼ �RT ln K ð9Þ

where R was the universal gas constant
(8.314 Jmol�1 K�1) and T was the Kelvin temperature.
K was the thermodynamic equilibrium constant for
the adsorption process. It was determined using the
method of Wu and Yu [24] by plotting ln (qe/Ce) vs.
qe and extrapolating to zero qe as suggested (Fig. 9).

Adsorption equilibrium constant K for varying
temperatures have been used to evaluate the thermo-
dynamic parameters of this adsorption process, and
all the thermodynamic parameters of the adsorption
process are shown in Table 1. It was clear that the
equilibrium constant K decreased with increasing tem-
perature above 298K. This suggested this adsorption
process was exothermic.

The negative values of free energy change (DG0)
indicated that this adsorption process was spontane-
ous in nature whereby no energy input from outside
of the system was required. The higher negative value
reflected a more energetically favorable adsorption
[25]. The Gibbs free energy value at 318K was the
highest negative value than the values of other tem-
peratures. For that reason more energetically favorable
adsorption occurred at 318K.

The enthalpy change upon adsorption can be cal-
culated from the following equation:

lnK ¼ �DH0

RT
þ constant ð10Þ

Therefore, the plot of ln K vs. 1/T gave a straight
line whose slope was equal to �DH0/R (Fig. 10). The
negative value of DH0 (�159.1 kJmol�1) as shown in
Table 1 suggested that the adsorption was exother-
mic and the adsorption process was enthalpically
favored.

0.000 0.001 0.002 0.003 0.004 0.005
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

C
e/q

e, g
/L

Ce, mol/L

R2=0.9999

Fig. 7. Illustration of the experimental adsorption isotherm
data presented in terms of the linearized Langmuir model.

-8.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0

-4.42

-4.40

-4.38

-4.36

-4.34

-4.32

-4.30

ln
q e, m

ol
/g

lnCe, mol/L

R2=0.9781

Fig. 8. Illustration of the experimental adsorption isotherm
data presented in terms of the linearized Freundlich
model.

J. Wang and X. Li / Desalination and Water Treatment 52 (2014) 274–282 279



The standard change in entropy can be calculated
from the following equation:

DS0 ¼ DH0 � DG0

T
ð11Þ

The positive values of DS0 indicated the increased
randomness at the Pb(II)-IICH/solution interface dur-
ing the adsorption of metal ions onto the composite
hydrogel [26].

3.5. Selectivity studies

The selectivity of the Pb(II)-IICH and NICH for
Pb(II) ions was investigated by binding Pb(II) ions in
the presence of various competitor metal ions. As
shown in Table 2, the D values of Pb(II)-IICH
increased for Pb(II) but decreased significantly for
other ions. Ni(II), with a smaller ionic radius (69 pm)
than Cu(II) (71 pm), Zn(II) (74 pm) and Cd (92pm),
could enter into the imprinting sites easier than Cu
(II), Zn(II) and Cd(II) and thus showed higher D
value. The explanation was supported by comparing
D values of Pb(II)-IICH with those of NICH, which
had random functional sites. The relative selectivity
coefficient was an indicator to express the adsorption
affinity of recognition sites to the imprinted Pb(II)

ions. From the results in Table 2, the relative selectiv-
ity coefficients of imprinted composite hydrogels for
Pb(II)/Ni(II), Pb(II)/Cu(II), Pb(II)/Zn(II), and Pb(II)/
Cd(II) were 6.85, 6.86, 6.72, and 6.79 times greater
than that of the nonimprinted composite hydrogels,
respectively. These results indicated that the func-
tional host molecules (memorized cavities) on the Pb
(II)-IICH surfaces were immobilized with the strict
configuration suitable for Pb(II) ions, and that the
ionic recognition was influenced by the nature of
metal ion, and its ionic radius and charge.

3.6. Regeneration studies

Under strong acid conditions, the coordination
interaction of chelated Pb(II) ions could be easily dis-
rupted and subsequently Pb(II) ions were released
into the desorption medium. In the present study,
1.0mol L�1 HCl was used as the desorption reagent
for elution of Pb(II) ions. It could be observed that Pb
(II) ions could be quantitatively eluted with desorp-
tion ratio >98%.

In order to examine the reusability of the prepared
Pb(II)-IICH, the experiments (sorption/desorption cycle)
were repeatedly performed by using the same sample.
The sorption/desorption cycles were conducted six
times. From the obtained results summarized in Table 3,
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Fig. 9. Plots of ln (qe/Ce) as a function of qe for the
adsorption of Pb(II) ions by the Pb(II)-IICH.

Table 1
Thermodynamic parameters of the Pb(II) ion adsorption onto the Pb(II)-IICH

Temperature K DG0 (kJmol�1) DH0 (kJmol�1) DS0 (Jmol�1 K)

298K 2.73� 1010 �59.536 �159.1 334.11

308K 3.38� 109 �56.182 334.15

318K 4.05� 108 �52.401 335.53
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Fig. 10. Plot of lnK vs. 1/T for Pb(II) adsorption by the Pb
(II)-IICH.
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it could be seen that the affinity of Pb(II)-IICH
remained unchanged although it underwent six cycles of
sorption/desorption process.

4. Conclusion

Ion-imprinted poly(AMPS)/modified silica com-
posite hydrogels were prepared using Pb(II) ions as
template by in situ free-radical polymerization. The
composite hydrogels were used to remove Pb(II) ions
from aqueous solution under the noncompetitive con-
dition. The results showed that the adsorption
capacity of the composite hydrogels increased with
the pH values. High adsorption rate was observed at
the beginning of the adsorption process, after which
adsorption equilibrium was quickly reached within
15min. The adsorption capacity increased with the
initial concentration of Pb(II) ion in solution, and the
adsorption data could be well fitted by the Langmuir
isotherm. The investigation of the thermodynamic
parameters indicated that the adsorption process was
a spontaneous, exothermic process that had positive
entropy. The relative selectivity coefficients of
imprinted composite hydrogels for Pb(II)/Ni(II),
Pb(II)/Cu(II), Pb(II)/Zn(II), and Pb(II)/Cd(II) were
6.85, 6.86, 6.72, and 6.79 times greater than that of the
nonimprinted composite hydrogels, respectively, indi-
cating that the Pb(II) ion-imprinted composite hydro-
gels had strong adsorption selectivity for Pb(II) ion.
Regeneration studies suggested that metal rebinding
capacity of the ion-imprinted composite hydrogels did
not change significantly through six cycles of
sorption/desorption process.
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