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ABSTRACT

In this research, a selective ion-imprinted adsorbent was synthesized by polymerization of
chitosan on the MCM-41 surface. The adsorbent was characterized by FTIR, X-ray diffrac-
tometer, and TG/DTG techniques. The surface area, pore size, and pore volume of the
adsorbent were calculated by nitrogen adsorption–desorption isotherms. The adsorbent was
used for selective separation of Pb2+ from aqueous solutions. The effect of different experi-
mental conditions on the adsorption capacity was examined and the optimized conditions
were determined: pH 5.5; contact time, 60 min; temperature, 298 K; Pb2+ concentration,
250-mg L−1; and adsorbent dose, 0.1-g. The maximum adsorption capacity was 57.7 and
27-mg g−1, respectively, for ion-imprinted and non–ion imprinted adsorbents. The removal
efficiency for ion-imprinted sample was 92%. Breakthrough adsorption capacity was mea-
sured as 50.75 and close to the static adsorption capacity. The relative selectivity factor for
Pb2+/Cd2+ and Pb2+/Ni2+ pairs were, respectively, 52.43 and 80.56. The relative standard
deviation of the method was 1.12% for 10 replicate samples. The data collected from the
adsorption isotherms was fitted to the Langmuir equation.
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1. Introduction

The monitoring and remediation of heavy metal
pollution is increasingly becoming a crucial global
issue since heavy metals can cause many biological
abnormalities and tend to accumulate in food chains
[1–4]. Among heavy metals, lead (Pb), with important
environmental and toxicological significance, has
become a research hotspot and received wide concerns
[5]. Various kinds of methods are available for the
determination and/or removal of Pb2+ in water sam-
ples [6]. For example, Pan et al. have fabricated a

nanomaterial–ionophore-based electrode for anodic
stripping voltammetric detection of Pb2+ [7]. So the
development of selective separation and detection
methods for trace amounts of lead ions has attracted
widespread attention [8]. However, the presence of
complex matrices in environmental samples is gener-
ally a huge obstruction to performing direct analysis
of Pb2+. Although a number of methods such as mem-
brane and chemical precipitation, and ion exchange
are industrially suitable for nonpreferential separation
of heavy metal ions, the poor selective separation is
still a large defect [9]. Therefore, it is urgently
required to develop highly selective separation/
removal materials and methods for Pb2+. Meanwhile,
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molecular imprinting is a commonly used technology
to build a molecular recognition mechanism in triaxial
cross-linked polymers named: molecularly imprinted
polymers (MIPs) [10]. More recently, MIPs have been
identified as ideal materials and are widely used in
contaminant removal and trace analysis, since they are
suitable for applications where analyte selectivity is
essential [10–12]. Ion-imprinted polymers (IIPs), an
important branch of MIPs, are similar to MIPs. By
ion-imprinting method, tailor-made materials can be
prepared through polymerizing suitable monomers in
the presence of a desired imprinted ion and they rec-
ognize inorganic ions after imprinting, especially
metal ions. A number of IIPs for metal ions have been
prepared and applied to the determination and
removal, such as Pb2+ IIPs [13–16]. Among present
ion-imprinted techniques, imprinting of a matrix with
binding sites situated at the surface has many advan-
tages such as more accessible sites, easier mass trans-
fer, and faster binding kinetics [17,18]. Silica-based
mesoporous materials have been universally reported
as good solid support due to their structural, chemical
and mechanical stability, and well modified surface
properties with abundant Si–OH active bonds [19–21].
Among the mesoporous silica, MCM-41 is character-
ized with ultra large pore diameters, large surface
area, high pore volume, thicker pore walls, and excel-
lent homogeneity that enables itself as a potential can-
didate for inclusion of guest species on the surface
[22,23]. Chitosan (CTS) is an N-deacetylated product
of chitin and the second most abundant natural bio-
polymer after cellulose. This natural polymer and its
derivatives have received great attention for metal
adsorption due to the high ratio of hydroxyl and
amine groups [24]. However, the poor mechanical and
chemical stability of pure CTS limits its applications.
Coating CTS on silica-based mesoporous materials
with chemical cross-linking process has been consid-
ered a successful method [25]. In this study, a novel
lead ion-imprinted adsorbent was prepared by the
polymerization of CTS as a functional monomer on
the MCM-41 support matrix. The adsorption behavior
of the synthesized adsorbent for removal of Pb2+ from
aqueous solutions was studied and the results were
discussed.

2. Experimental

2.1. Reagents and instruments

MCM-41 (Mobil Composition of Matter No. 41),
CTS, degree of deacetylation more than 90% (Aldrich),
KH-560 (3-(2,3-epoxypropoxy) propyltrimethoxysilane)
(Merck), cetyltrimethylammonium bromide (CTAB)

98%, aqueous ammonia (25% NH3), and tetraethoxysi-
lane (TEOS) 98% (Merck) were employed for synthesis
of the adsorbent. Standard stock solutions of Pb2+

were prepared by Pb(NO3)2 using deionized water.
All the chemicals used were of analytical grade.

The infrared spectra (FTIR 4,000–400 cm−1, KBr
pellet) were recorded by a Perkin Elemer-65. D-8
ADVANCE X-ray diffractometer (XRD) (Bruker, Ger-
many) was used to prepare the XRD pattern of the
sample with CuKα radiation (λ = 0.1541 nm). BET sur-
face area was measured using a BEL-max adsorption
surface analyzer (Japan). Cation concentration was
measured with an Analyst 300 flame atomic adsorp-
tion spectrometer (FAAS) (Perkin Elemer), and ther-
mal curves were recorded by TG-DSC Setaram
instrument (Germany).

2.2. Synthesis of lead-imprinted adsorbent

MCM-41 was prepared according to the procedure
described by Heidari et al. [22]. The synthesized mate-
rial was activated by refluxing with 3 M hydrochloric
acid for 24 h. The treated sample was separated and
thoroughly washed with deionized water. The poly-
mer suspension was prepared by adding 5.0 g CTS
and 2.0 g Pb(NO3)2 6H2O into 160.0 mL of 0.1 M acetic
acid solution. After stirring for 1 h, 40 mL of KH-560
was added into the mixture and stirred for 5 h at
25˚C. The product was thoroughly dispersed by
ultrasonic radiations, and 16.5 g of activated MCM-41
was added into the mixture. Stirring was continued
for 3 h until the polymer was formed on the substrate
surface. The wet product was dried at room tempera-
ture and treated with 3 M HNO3 to remove the coor-
dinated Pb2+. After neutralization with 0.2 M NaOH
solution, the adsorbent was dried at 70˚C under vac-
uum, grinded, and sieved. The resulting ion-imprinted
polymer was designated as IIP. Non ion-imprinted
polymer (NIP) was prepared in the same way without
the addition of Pb(NO3)2·6H2O.

2.3. Adsorption experiments

Batch experiments were conducted to study the
adsorption behavior of the adsorbent by adding 0.1 g
of IIP into 25 mL lead solution (250 mg L−1). The pH
of the solution was adjusted to 5.5 (by adding 0.1 M
NaOH solution), and the mixture was shaken for 1 h.
The solid was separated by centrifugation and the
concentration of the Pb2+ in the solution was deter-
mined by FAAS. The adsorption efficiency (E%) and
absorption capacity (Q, mg g−1) were, respectively,
calculated by Eqs. (1) and (2):
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E% ¼ ðC0 � CÞ=C0 � 100 (1)

Q ¼ ððC0 � CÞVÞ=W (2)

where C0 and C are, respectively, the initial and equili-
brated concentrations of Pb2+ (mg L−1), V is the vol-
ume of the solution (L) and W is the mass of
adsorbent (g).

Column adsorption experiments were conducted
by a column (inner diameter of 9 and 500 mm length)
packed with 40 mg of the imprinted polymer. A small
amount of glass wool was placed at both the ends of
the column to prevent loss of the particles during
sample loading. Before use, the column content was
cleaned and neutralized by passing deionized water
through the column. Then, lead solution was passed
through the column at a flow rate of 0.2 mLmin−1.
The metal ion adsorbed by the adsorbent was eluted
with 25 mL of 2 M HNO3 solution. The Pb2+ concen-
tration in the eluted solution was measured by FAAS.
The breakthrough curve was constructed and the
dynamic capacity was calculated.

2.4 Selectivity of the adsorbent

In order to measure the selectivity of the adsor-
bents, competitive adsorption of Pb2+/M (M: Other
metal ions) was studied for IIP and NIP. The distribu-
tion coefficients Kd (mL g−1), selectivity coefficient (k),
and the relative selectivity coefficient k´ were calcu-
lated by the following equations:

Kd ¼ ðCi � Cf Þ=CfW (3)

k ¼ KdPb=KdM (4)

k0 ¼ kIIP=kNIP (5)

where Ci and Cf represent, respectively, the initial and
equilibrated concentrations of the given metal ions in
the solution. Kd (Pb) and Kd (M) represent, respec-
tively, the distribution coefficients of Pb2+ and M ions.
k(IIP) and k(NIP) represent the selectivity coefficient of
Pb2+-IIP and NIP.

2.5. Regeneration of the adsorbent

To regenerate the used sample, it was eluted with
3 M HNO3, washed with deionized water, and dried
under vacuum. The regenerated adsorbent was reused
for Pb2+ adsorption. The adsorption–desorption

process was repeated for five successive cycles and
the adsorption rate for each cycle was calculated.

3. Results and discussion

3.1. Characterization of the samples

The FTIR spectra of the samples are shown in
Fig. 1. The wide and strong adsorption band at
3507.7 cm−1 is ascribed to the stretching vibrations of
N–H and O–H of CTS (Fig. 1(a)). This characteristic
absorption bands shifted to 3407.8 cm−1 after –N and –
O were coordinated with Pb2+. In the FTIR of Pb–CTS
(Fig. 1(b)), the bending vibration of –NH2 at
1,659 cm−1 and stretching vibrations of –OH at
1,082 cm−1 of CTS were, respectively, shifted to 1,645
and 1,061 cm−1, confirming the formation of Pb–N and
Pb–O bonds on the surface of the adsorbent [26]. The
absorption bands observed at 803 and 1089.5 cm−1

were, respectively, attributed to the stretching vibra-
tion, antisymmetric stretching vibration of Si–O tetra-
hedron of the MCM-41 structure (Fig. 1(c)). The
absorption band at 1,617 cm−1 was assigned to
in-plane bending vibration of Si–OH. The broad
absorption peak at 3,441 cm−1 was considered as the
vibration absorption of surface Si-OH. As a result of
co-condensation between silanols from self-hydrolysis
of siloxane and –OH from MCM-41, the Si–O–Si band
appeared at 1,085, confirming that the polymer was
grafted on the substrate surface (Fig. 1(d)). In the FTIR
spectrum of the leached sample, the O–H and N–H
bands were recovered and became sharper. This
envisaged that the template ions were removed after
eluting with acid and the bonds between Pb2+, O–H,
and N–H groups were eliminated (Fig. 1(e)).

Fig. 1. Infrared spectra of CTS (a), CTS+Pb2+ (b), MCM-41
(c), Pb2+-imprinted polymer with Pb2+ (d), and Pb2+-
imprinted polymer (e).
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In the XRD pattern of MCM-41, four diffraction
lines were observed at 2.44, 4.20, 4.83, and 6.35, which
are the characteristic lines of the material (Fig. 2(a))
[27]. In the XRD pattern of the Pb2+-IIP, the diffraction
line observed at 2.57˚ indicated that the structure of
MCM-41 remained unchanged (Fig. 2(b)). The
decrease in the intensity of the lines at 4.20, 4.83, and
6.35 lines provided evidence that grafting mainly
occurred inside the channels and the attachment of
organic functional groups in the mesopore channels
reduced the scattering power of the mesoporous sili-
cate walls.

The data calculated from nitrogen adsorption–
desorption isotherms of the samples are summarized
in Table 1. After polymerization, due to grafting
(Fig. 3), of the polymer on the mesoporous channel,
the surface area and the total pore volume of MCM-41
were significantly decreased. The average pore size of
MCM-41 and ion-imprinted sample was very close
indicating that polymerization has only little effect on
the particle growth.

Thermal curves (DTG) were obtained at linear
heating rates of 20˚Cmin−1 from ambient temperature
to 700˚C under nitrogen atmosphere (Fig. 4). In the
thermal curve of MCM-41, a single weight loss peak
was observed around 100˚C which was attributed to
the dehydration of water molecules adsorbed on the
surface of the sample (Fig. 4), while in the thermal
curve of Pb2+-imprinted sample two distinct weight
loss peaks were observed, respectively, at 91.9 and
196.4˚C. The second peak was attributed to the decom-
position of the polymer. The weight percent of the
polymer grafted on the MCM-41surface was estimated
by this peak as 25%W.

3.2. Adsorption experiments

The influence of pH on the adsorption of lead was
studied at pH ranges of 1.0–5.5 (Fig. 5). The insignifi-
cant adsorption capacity obtained at lower pHs was
attributed to the protonation of adsorption sites and
also competition of hydrogen ions with lead for
adsorption sites [28,29], Eq. (6).

(6)

The adsorption capacity was increased by increasing
the pH of the solution and the optimized capacity was
obtained at pH 5.5. At pH higher than 5.5 Pb2+ was
precipitated as Pb(OH)2. The adsorption mechanism is
assumed to be chemical in nature. Two adjacent
amino groups and two hydroxyl groups give two
pairs of electrons to the metal ions and form four
coordination number compounds [30], Eq. (7).

(7)

For regeneration of the adsorbent, HNO3 solution
(3 M) was used. It is assumed that, H+ replaced lead
ions through ion-exchange mechanism, Eq. (8).

(8)

Other metal ions did not fix to the tailored adsorption
sites. Therefore, IIP was a selective adsorbent for Pb2+.
According to selectivity experiment, the selectivity
mainly was controlled by the shape of cavities (the
size of the metal ions) and coordination geometry [31].

Low temperature was in favor for Pb2+ adsorption
onto IIP, the adsorption capacity of the ion-imprinted
sample decreased by increasing the temperature from
25 to 55˚C (Fig. 6(a)). With the rise in temperature and
by weakening the adsorptive forces between the active
sites and the lead ions, the tendency of the Pb2+ ions
to escape from the solid phase to the bulk of solution
increased. The reverse effect was observed for the NIP
sample (Fig. 6(b)).

To study the effect of adsorbent dose on the
adsorption efficiency, 50 mL of Pb solution (100 mg L–1)
was contacted with different amounts of the adsorbent
under optimized conditions. The solid was
separated after 1 h and the concentration of Pb was
measured in the filtrate. The maximal adsorption
capacity was observed with 0.1 g of the adsorbent
(Fig. 7(a)).

Fig. 2. XRD pattern: (a) MCM-41 and (b) Ion-imprinted
adsorbent.
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3.3. Adsorption kinetics

The adsorption rate increased rapidly during the
initial 50 min, and then reached equilibration after 1 h
(Fig. 7(b)). The fast kinetics of adsorption envisaged
that the IIP was suitable for preconcentration of Pb2+

by continuous column separation from large volumes

of the solution. To examine the kinetics of the adsorp-
tion process, Lagergren’s pseudo-first-order kinetic
model [Eq. (9)] and second-order kinetic model [Eq.
(10)] were applied:

logðQmaxÞ ¼ logQmax � ðk1=2:303Þt (9)

t=Qt ¼ 1=k2Q
2
max þ ð1=QtÞ (10)

where qt and qmax (mg g−1) are the adsorption capacity
at t and equilibrium time (min), k1 (min−1) and k2
(g (mgmin)–1) are pseudo-first- and second-order rate
constants, respectively (Fig. 8(a) and (b)). Pseudo-first-
order model rendered the rate of occupied adsorption
sites to be proportional to the number of unoccupied
sites; and pseudo-second-order-kinetic model assumed
that the chemical reaction mechanisms [32, and that
the adsorption rate is controlled by chemical adsorp-
tion through sharing or exchange of electrons between
the adsorbent and adsorbate [33]. As shown in Table 2,
the correlation coefficient for the pseudo-second-order
model was higher than the first order. Therefore, the
adsorption of Pb2+ on IIP agreed well to the

Table 1
Pore characterization of MCM-41 and Pb2+-IIP

Samples Surface area (m2g−1) Pore volume (cm3g−1) Average pore diameter (nm)

MCM-41 1073 0.93 3.46
Pb2+-IIP 189 0.17 3.65

Fig. 3. Grafting of the polymer on the MCM-41 channel with terminal organosilanes of the type (R’O)3 SiR. R=organic
functional group (CTS).

Fig. 4. DTG pattern of MCM-41 and Pb2+-imprinted adsor-
bent.
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second-order kinetic model, indicating that the
adsorption process was a chemical process.

3.4. Adsorption isotherm

Adsorption capacity increased with initial concen-
tration of Pb2+ and after a certain concentration, owing
to the lower active sites being available, the equilibra-
tion was attained (Fig. 9). The isotherms data were
examined with the Langmuir adsorption isotherm [Eq.
(11)]

Ce=qe ¼ 1=qmKL þ Ce ð1=qmÞ (11)

where Ce (mg L–1) and qe (mg g–1) are the adsorption
capacities at the different initial concentrations of
Pb2+, and KL (Lmg–1) is the adsorption–desorption
equilibrium constant related to the binding energy.
According to the Langmuir model (Fig. 10) adsorption
occurred uniformly on the active sites of the adsor-
bent. Once a, adsorbate occupied the site, no further
adsorption could take place at this site [34]. The exper-
imental data well fitted with the Langmuir adsorption
isotherm model, as shown in Table 3. Therefore, the
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Fig. 5. Effect of pH on Pb2+ adsorption conditions: Sor-
bent = 0.1 g; Pb2+ conc. = 100 mg L–1; shaking time = 10 min;
adsorption time = 1.0 h; temperature = 25˚C.
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Fig. 6. Effect of temperature on Pb2+ adsorption conditions:
sorbent = 0.1 g; pH 5.5, Pb2+ conc. = 250 mg L–1; shaking
time = 10 min; adsorption time = 1.0 h.
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Fig. 7. (a) Effect of amount of IIP on Pb2+ adsorption. Con-
ditions: pH 5.5; Pb2+ conc. = 100 mg L–1; shaking time =
10 min; adsorption time = 1.0 h; temperature = 25˚C and (b)
Kinetic of adsorption. Conditions: IIP = 0.1 g; Pb2+ conc. =
250 mg L–1; shaking time = 10 min; temperature = 25˚C.
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Fig. 8. (a) Lagergren pseudo-first-order kinetic model and
(b) Pseudo-second-order kinetic model.
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adsorption process could be considered as a mono–
layer adsorption. For predicting the favorability of an
adsorption system, the Langmuir equation can also be
expressed in terms of a dimensionless separation fac-
tor RL (Eq. (12)) [35,36].

RL ¼ 1=ð1þ KLCoÞ (12)

where RL indicates the favorability and the capacity of
the adsorbent/adsorbate system. When 0 <RL< 1, it
represents good adsorption. As shown in Table 3, the
present adsorption systems were favorable and the
adsorption of Pb2+ was more favorable at higher initial
Pb2+ concentrations than at lower concentrations.
From the results, it was a indicated that the imprinted

polymer supported by MCM-41 was much more effi-
cient adsorbent than NIP. Moreover, the saturation
adsorption capacity in the present work is higher than
the values reported for Pb2+ adsorption on Pb2+-IIP
prepared by bulk polymerization [37], Pb2+-imprinted
amino-functionalized silica gel (19.66 mg g–1) [38], and
Pb2+-IIP on nano-TiO2 matrix [39]. The high adsorp-
tion capacity in this research can be explained as

C (mg/L)

0 100 200 300 400 500

Q
 (m

g/
g)

10

20

30

40

50

60

70

Fig. 9. Adsorption isotherms for Pb2+ adsorption onto IIP
sample. Conditions: IIP = 0.1 g; pH 5.5, shaking time =
10 min; temperature = 25˚C.

Table 2
Lagergren pseudo first- and second-order kinetic data of MCM-41-IIP(IIP)

Model Parameters R2

Pseudo-first-order k1 (min−1) = 0.0121 Qexp (mg g−1) = 56.7 QCal (mg g−1) = 76 0.9564
Pseudo-second-order k2 (g mg−1 min−1) = 0.8756 Qexp (mg g−1) = 56.7 QCal (mg g−1) = 62.5 0.9952
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Fig. 10. Adsorption of Pb2+ onto Pb2+-IP using Langmuir
model.

Table 3
Langmuir and Freundlich adsorption isotherm data for Pb2+ adsorption onto Pb2+-imprinted polymer

Freundlich Langmuir

R2 KF n RL R2 KL (Lmg–1) qm (mg g−1)

0.8916 8.52 2.55 0.004 0.9935 0.114 62.5

Table 4
Effect of imprinting on selectivity

k´ KNIP KIIP Interfering ions

80.56 1.77 142.6 Ni2+

52.43 7.30 382.8 Cd2+
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follows: When the Pb ions of the polymer grafted onto
the surface of the inner channel of MCM-41 with high
surface area, is leached out, enough cavities are left on
the surface and act as adsorption sites of the
adsorbent.

3.5. Breakthrough capacity

The data for plotting of breakthrough curve were
obtained by pumping Pb2+ solution (20mg L−1, pH
5.5) through the column (explained in section. 2.3) at
the flow rate of 0.2 mLmin−1. The column effluent
was continuously collected at each 25 mL portion and
the concentration of Pb2+ was measured by FAAS. The
extraction ratio (Ce/Ci, where Ce and Ci are the ana-
lyte concentration in the outgoing and ingoing solu-
tions, respectively) was plotted against the volume of
effluent (Fig. 11). The breakthrough capacity was cal-
culated with the assumption that the breakthrough
occurred at Ce/Ci = 0.01. It was found to be 50.75 mg
g−1 and close to the optimized capacity of the adsor-
bent obtained by batch experiments (57.7 mg g−1). The
result of this experiment showed that the synthesized
adsorbent can be used for preconcentration of lead by
use of column operation.

3.6. Adsorption selectivity

Competitive adsorption rates of the same charge or
similar ionic radii ions such as Pb2+/Ni2+ and Pb2+/
Cd2+ from their mixtures were investigated by using
Pb2+-IIP and NIP. As shown in Table 4, the Kd (IIP)
value of ion–imprinted adsorbent for Pb2+ was larger,
while K (IIP) decreased significantly for Cd2+ and
Ni2+, while NIP has low k value due to the random
distribution of ligand functionalities in the polymeric
network, whereas in the case of Pb2+-IP, the cavities
created after the removal of the template were com-
plementary to the imprint ion in size, shape, and coor-
dination geometries. It was demonstrated that Pb2+-IP
synthesized for Pb2+ had higher selectivity (k´: Relative
selectivity coefficient) for this ion.

3.7. Regeneration of the adsorbent

Since the adsorbent showed very low capacity for
Pb2+ at acidic pH (Fig. 5), it was concluded that the
adsorbed Pb2+ can be eluted by acidic solutions
(HNO3). The effect of HNO3 concentration, HNO3 vol-
ume, and shaken time on Pb2+ recovery was evalu-
ated. The recovery rate increased gradually with the
rise in HNO3 concentration and HNO3 volume. The
full recovery was achieved with 10 mL of 3 M HNO3

and shaking time of 80 min (Table 5). The regeneration
of the adsorbent was studied for five consecutive
adsorption–desorption cycles. The results indicated
that the adsorbent retained 94.63% of its original
capacity after the last regeneration cycle (Table 6).

Table 5
Optimized conditions for adsorbent recovery

Conc. (mol L–1) Recovery (mg g−1) Volume (mL) Recovery (mg g−1) Shaking time (min) Recovery (mg g−1)

0.5 74.7 5 74.3 10 65.8
1 80.7 10 97.6 20 74.5
2 85.5 15 96.1 40 83.5
3 96.3 20 98.5 80 98.7

Fig. 11. Breakthrough volume curve. Conditions: Pb2+

conc. = 20 mg L–1; IIP = 0.4 g; pH 5.5; Flow = 0.2 mLmin−1.

Table 6
Adsorption–desorption cycles

%
Regeneration

Adsorbtion capacity
(mg g−1)

Regeneration
cycles

100.0 0.96 ± 56.64 1
97.8 0.56 ± 55.4 2
97.1 0.92 ± 55.02 3
95.02 1.03 ± 53.82 4
94.63 1.11 ± 53.60 5
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4. Conclusions

In this study, a novel selective adsorbent was pre-
pared by surface imprinting Pb2+-CTS on the MCM-41
surface. The ion-imprinted polymer was used for the
removal of Pb2+ from aqueous solutions. Compared to
other adsorbents, the synthesized composite showed
high adsorption capacity and selectivity towards the
studied cation. The regeneration of the adsorbent
showed that 94.63% of the original capacity remained
after five successive regeneration cycles. The adsorp-
tion process was kinetically fast and application of the
adsorbent in column operation is quite feasible.
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