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ABSTRACT

An effective and selective ion-imprinted biosorbent was prepared from chitosan, using
Pb(II) ions as templates and ethylene glycol diglycidyl ether as the crosslinker. The resultant
Pb(II)-imprinted chitosan beads (Pb-ICB) were characterized by Fourier transform infrared
spectroscopy, scanning electron microscopy, X-ray diffraction, and thermogravimetric analy-
sis. The adsorption property and selectivity of Pb-ICB were evaluated for the adsorption of
Pb(II). The results showed that Pb-ICB had more cavities, but lower crystallinity and ther-
mal stability than non-imprinted chitosan beads (NICB). Much higher adsorption capacity
in the single metal system and better selectivity in the binary metal system for the adsorp-
tion Pb(II) were achieved with Pb-ICB than NICB. The maximum adsorption capacity of Pb
(II) on Pb-ICB reached 177.62 mg/g. The kinetic and isothermal analyzes showed that the
adsorption process of Pb(II) onto Pb-ICB well-fitted pseudo-second-order kinetic and
Langmuir isotherm models. The thermodynamic analysis revealed that the adsorption of
Pb(II) onto Pb-ICB was a spontaneous and endothermic process. Furthermore, Pb-ICB
showed good reusability within five cycles of adsorption–desorption.
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1. Introduction

Lead is one of the earliest refined heavy metals in
the world and has been extensively used in numerous
fields such as battery [1], paint [2], ammunition [3],
construction [4], and electrical industries [5]. However,
lead pollution emerged recently due to the discharge
of industrial wastewater without proper treatments,
which can cause severe damage to the natural envi-
ronment and human health. Therefore, it is imperative
to remove lead ions from wastewater before discharge.

Currently, wastewater is conventionally disposed by
several methods, including ion exchange, chemical
precipitation, adsorption, and membrane process [6,7].
Among these methods, adsorption is considered as the
most prospective methods in wastewater treatment
because of its economical and effective properties [8].
Various adsorbents have been developed for the
removal of metal ions, and biosorbents receive
the prior consideration of researchers due to their
effective and eco-friendly properties.

Chitosan, a natural aminopolysaccharide, is mainly
obtained from crustacean shells and fungal biomass
[9]. Chitosan possesses outstanding adsorption
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capability at acidic environment toward heavy metal
ions including Pb(II) because of its abundant amine
and hydroxyl groups [10]. However, poor chemical
stability and mechanical strength of chitosan at low
pH value limit its application and make it difficult to
be recovered and reused. Crosslinking is a useful
method to improve the chemical stability and
mechanical strength of chitosan [11]. However, the
crosslinking reaction usually occurs at the hydroxyl
and amine groups of chitosan, which are the active
sites of adsorption. Thereby, the adsorption capacity
decreases normally after crosslinking [12]. In addition,
chitosan and its derivatives exhibit lower selectivity in
the adsorption of metal ions. The selective adsorption
can facilitate the recovery and reuse of metal ions,
thus a selective biosorbent is favorable to the adsorp-
tion of metal ions. Ion-imprinting technology is an
available method to enhance the adsorption perfor-
mance and selectivity, and some evidences were
found in previous literature. High selectivity and satis-
factory adsorption capacity for the adsorption of Pb(II)
were achieved with Pb(II)-imprinted polymer [13]. Pb
(II)-imprinted crown ether showed higher capacity
and selectivity than the non-imprinted crown ether
[14]. Therefore, developing effective and selective
biosorbents is proposed to be an important effort for
the adsorption of heavy metal ions.

In the present work, an effective and selective ion-
imprinted biosorbent was prepared from chitosan,
using Pb(II) ions as templates and ethylene glycol
diglycidyl ether (EGDE) as the crosslinker. The resul-
tant Pb(II)-imprinted chitosan beads (Pb-ICB) were
characterized by scanning electron microscopy (SEM),
Fourier transform infrared spectrum (FTIR), X-ray
diffraction (XRD), and Thermogravimetric analysis
(TGA). The adsorption property and selectivity of Pb-
ICB were evaluated for the adsorption of Pb(II). The
adsorption kinetics was analyzed by the pseudo-first-
order, pseudo-second-order kinetic, and intraparticle
diffusion models. The Langmuir and Freundlich iso-
therm equations were used to assay the adsorption
equilibrium, and the thermodynamic parameters were
determined. Furthermore, the selectivity and reusabil-
ity of Pb-ICB were investigated.

2. Experimental

2.1. Materials

Chitosan (Molecular weight: 1,000 kDa; Deacety-
lated degree: 85%) was purchased from Zhejiang aox-
ing biotechnology, China. EGDE was obtained from
Tokyo chemical industry Co., Ltd, Japan. Pb(NO3)2
was provided by Tianjin Bodi chemical industry,

China. Other chemicals were of analytical grade.
Deionized water was used for the preparation of
solutions throughout experiments.

2.2. Preparation of Pb-ICB

Chitosan (1.25 g) was dissolved completely in
50 mL acetic acid–sodium acetate buffer (pH 4.0,
0.2 mol/L) containing 50 mmol/L Pb(NO3)2. The chi-
tosan solution was then added dropwise into 100 mL
NaOH solution (2 mol/L) using a syringe needle with
an inner diameter of 0.3 mm. After 10 h solidification,
the resultant beads were collected and rinsed thor-
oughly with deionized water to pH 7.0, and trans-
ferred into 40 mL isopropyl-ketone solution (10% v/v).
EGDE of 120 μL was added into the solution, and the
solution was then incubated at 30˚C for 12 h in a sha-
ker at 120 rpm for crosslinking. Afterward, the beads
were placed into 5 mM EDTA-Na2(pH 8.0) for 3 h
with agitation to remove the Pb(II) templates. Finally,
the beads were rinsed completely with deionized
water and freeze-dried at −50˚C. Non-imprinted chi-
tosan beads (NICB) were prepared as the same proce-
dure without the presence of Pb(NO3)2. The beads
with the diameter of 1.0 mm were selected to perform
the adsorption experiments.

2.3. Fourier transform infrared spectrum

FTIR is a powerful tool to detect the functional
groups of compounds. FTIR was performed in the
wave number range of 500–4,000 cm−1 on a KBr disk
using a Tensor 27 Fourier transform infrared
spectrometer (Bruker, Germany).

2.4. Scanning electron microscopy

The morphology of chitosan beads was observed
using a NOVA NANO SEM 450 scanning electron
microscope (FEI, USA).

2.5. X-ray diffraction

The XRD profiles of chitosan beads were recorded
by a D8 Focus X-ray diffractometer (Bruker, Germany)
with Cu Kα radiation.

2.6. Thermogravimetric analysis

TGA was performed with a HCT-2 thermogravi-
metric analyzer (HENGJIU instrument, China).
Samples were heated from 30 to 600˚C at a rate of
10˚C/min in N2 atmosphere.
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2.7. Adsorption experiments

The Pb(II) stock solution (1,000 mg/L) was pre-
pared by dissolving Pb(NO3)2 in deionized water and
diluted to the appropriate concentrations in the
adsorption experiment. The adsorption experiment
was conducted in a 250-mL flask with 50 mL Pb(II)
solution, and the initial pH of the solution was
adjusted to pH 4.5 with 0.1 mol/L HNO3. Chitosan
beads (0.15 g) were added into the Pb(II) solution,
then the flask was incubated in a shaker at 120 rpm.
The Pb(II) concentration was determined at intervals
using an atomic adsorption spectrophotometer
(thermo SOLAAR M6, USA). The adsorption capacity
qt (mg/g) was calculated according to Eq. (1).

qt ¼ ðC0 � CtÞV
M

(1)

where C0 (mg/L) is the initial Pb(II) concentration; Ct

(mg/L) is the Pb(II) concentration at time t; V (L) is
the solution volume; W (g) is the mass of beads.

2.8. Selectivity experiments

To study the selectivity of Pb-ICB, the experiments
on competitive adsorption were carried out by mixing
Pb(II) and other metal ions at equal concentration. The
distribution coefficient Kd (mL/g), selectivity coeffi-
cient βPb/M, and the relative selectivity coefficient βr
were defined as follows [15]:

Kd ¼ qe
Ce

(2)

bPb=M ¼ KdðPbÞ
KdðMÞ

(3)

br ¼
bimprinted

bnon-imprinted
(4)

where qe (mg/g) is the equilibrium adsorption capac-
ity; Ce (mg/L) is the equilibrium concentration of
metal ions; Kd(Pb) and Kd(M) are the distribution coeffi-
cient of Pb(II) ions and other coexistent metal ions,
respectively; βimprinted and βnon-imprinted are the
selectivity coefficients of the Pb-ICB and NICB,
respectively.

2.9. Reusability of absorbents

The beads-loaded Pb(II) were recovered with
5 mM EDTA-Na2 (pH 8.0) for 3 h, and then washed

intensively with deionized water. The regenerated
beads were used in the next adsorption cycle, and five
cycles were carried out in this study.

3. Results and discussion

3.1. FTIR spectra

Fig. 1 shows the FTIR spectra of CTS, NICB, and
Pb-ICB. Several typical adsorption bands were
observed in the FTIR spectrum of original CTS. The
locations and assignments of these bands were
presented as follows: 3,441 cm−1 (the overlapping of
N–H and O–H stretching vibration), 2,918 and
2,880 cm−1 (C–H stretching vibration of methyl and
methylene), 1,653 cm−1 (C=O stretching vibration of
amide I), 1,597 cm−1 (N–H bending vibration of
amide II, –NH2), 1,421 and 1,381 cm−1 (C–H bending
vibration of methylene and the C–H symmetric
stretching vibration of methyl, respectively),
1,325 cm−1 (C–N stretching vibration of amide III),
1,155 cm−1 (asymmetric stretching vibration of C–O–C),
1,088, and 1,034 cm−1 (C–O stretching vibration of
C3–OH and C6–OH, respectively), 897 cm−1 (stretching
vibration of saccharide ring) [16,17]. Compared with
CTS, NICB showed some alterations in the FTIR
spectrum due to the crosslinking reaction. The bands
at 3,441 and 1,088 cm−1 shifted to low frequency at
3,433 and 1,072 cm−1, respectively, and slight decrease
in the band absorbance of –NH2 was observed.
These alterations indicate that the hydroxyl and amine
groups of chitosan were involved in the crosslinking
reaction. For Pb-ICB, the band of N–H and O–H
stretching vibration shifted to 3,445 cm−1 and the band
absorbance of –NH2 decreased obviously, suggesting
the involvement of the hydroxyl and amine groups
in the imprinting reaction. In addition, the peak
at 663 cm−1, associated with the crystallinity [18],

Fig. 1. FTIR spectra of CTS (a), NICB (b), and Pb-ICB (c).
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appeared in CTS spectrum, but weakened dramati-
cally in the spectra of NICB and Pb-ICB, which
indicates the partial loss of the crystallinity of NICB
and Pb-ICB.

3.2. Scanning electron microscopy

The SEM images of NICB and Pb-ICB are shown
in Fig. 2. A large number of cavities were observed in
Pb-ICB, whereas no obvious pore was found in NICB.
The crosslinking reaction occurred at the hydroxyl
and amine groups of chitosan. For Pb-ICB, the partial
occupation of the hydroxyl and amine groups by Pb
(II) ions led to the decrease in crosslinking sites.
Therefore, Pb-ICB had lower crosslinking degree than
NICB, which resulted in a flexible network of the
matrix and a large number of cavities in Pb-ICB. The
cavities in Pb-ICB increase the effective surface area
and mass transfer efficiency, which can facilitate the
adsorption of Pb(II) ions.

3.3. XRD patterns

The XRD patterns of CTS, NICB, and Pb-ICB are
presented in Fig. 3. CTS showed two typical crys-
talline diffraction peaks at 2θ = 10.8˚ and 2θ = 20.2˚
assigned to crystal forms I and II, respectively [19].
These peaks were also observed in the spectra of
NICB and Pb-ICB. However, the intensity of the peak
at 2θ = 10.8˚ decreased, which indicates that the
crosslinking and imprinting processes resulted in a
partial loss of the crystallinity of chitosan.

Crystallinity plays an important role in the
adsorption property of chitosan [20]. The crystalline
regions of the polymer are not accessible to water and
metal ions, whereas the metal ions penetrate easily
through the amorphous structure. Therefore, the
amorphous regions provide the access facilitation for
the adsorption, enhancing the adsorption capacity.
Pb-ICB exhibited lower intensity of the peak at

2θ = 10.8˚ than NICB, which reveals a comparably
lower crystallinity of Pb-ICB. Accordingly, Pb-ICB had
better adsorption performance than NICB.

3.4. Thermogravimetric analysis

The thermogravimetric curves of CTS, NICB, and
Pb-ICB are presented in Fig. 4. All tested samples
showed two stages in weight loss, and the similar
TGA curves were observed in the first stage for three
samples. The first stage started from 60 and continued
to 125˚C with about 5–10% weight loss, which is
attributed to the evaporation of residue water on the
surface of the polymers [21]. The second stage,
ascribed to the decomposition of polymers and the
dehydration of saccharide rings [22], showed different
patterns for three samples. For CTS, the initial
decomposition temperature was observed at 268˚C
and the maximum decomposition rate occurred at
320˚C. In contrast, the decomposition of Pb-ICB started
at 226˚C and reached the maximum rate at 307˚C; the
decomposition of NICB started at 234˚C and reached
the maximum rate at 310˚C. These changes in the
decomposition temperatures suggest that NICB and

Fig. 2. SEM micrographs of NICB (a) and Pb-ICB (b).

Fig. 3. XRD patterns of CTS (a), NICB (b), and Pb-ICB (c).
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Pb-ICB had lower thermal stability than CTS. The
thermogravimetric property relates to the crystallinity,
and it illustrates the change of physicochemical struc-
ture of the polymer. Low thermal stability of NICB
and Pb-ICB was mainly due to the breakage of hydro-
gen bonds in the crystalline regions by crosslinking.
The breakage of hydrogen bonds results in the
increase in free amine and hydroxyl groups, which
can facilitate the adsorption. Moreover, thermal stabil-
ity was found to be slightly lower for Pb-ICB relative
to NICB, suggesting that Pb-ICB had a higher adsorp-
tion capacity than NICB.

3.5. Adsorption kinetics

The time dependence of adsorption capacities of
Pb(II) onto NICB and Pb-ICB are shown in Fig. 5. The
adsorption capacities of Pb(II) increased rapidly
within the first 50 min, and then gradually reached
the equilibrium beyond 130 min. The high initial

adsorption rate is ascribed to the sufficient adsorption
sites available, strong chelation, and the effective mass
transfer [14]. Moreover, Pb-ICB exhibited a higher
adsorption capacity than NICB due to its better affin-
ity and internal mass transfer.

Kinetics analysis is a crucial work in the adsorp-
tion investigation because it can reveal the mechanism
and rate-limiting step of the adsorption process.
Herein, the pseudo-first-order kinetic model, pseudo-
second-order kinetic model, and intraparticle diffusion
model were applied to analyze the experimental data.
The linear form of pseudo-first-order model [23] is
usually expressed as Eq. (5).

ln ðqe � qtÞ ¼ ln qe � k1t (5)

where qe (mg/g) is the equilibrium adsorption capac-
ity; qt (mg/g) is the adsorption capacity time t (min);
k1 (min−1) is the rate constant of pseudo-first-order
model.

The linear fitting curves of ln (qe – qt) vs. t were
plotted from the experimental data. The model
parameters qe and k1 were determined by the inter-
cepts and slopes of the plots, respectively. Low corre-
lation coefficients R2 (0.9342 for Pb-ICB and 0.8220 for
NICB) were obtained for pseudo-first-order model
(Table 1) and large discrepancies between the calcu-
lated adsorption capacities (qe,cal) and the experimental
adsorption capacities (qe,exp) were observed. These
results suggest that the adsorption process of Pb(II)
did not follow the pseudo-first-order model.

The linear form of pseudo-second-order kinetic
model [24] is expressed as follows:

t

qt
¼ 1

k2q2e
þ t

qe
(6)

where k2 (g/(mg min)) is the rate constant of pseudo-
second-order model.

The linear fitting plots of t/qt vs. t are shown in
Fig. 6, and the parameters were summarized in
Table 1. High correlation coefficients (0.9994 for
Pb-ICB and 0.9980 for NICB) were achieved for
pseudo-second-order model and the values of qe,cal
were very close to that of qe,exp, which showed that
the adsorption processes of Pb(II) onto NICB and
Pb-ICB well fitted the pseudo-second-order model.
These results indicate that the adsorption process of
Pb(II) was a chemical reaction through sharing or
exchange of electrons between chitosan and Pb(II),
and the chemisorption was the rate-limiting step
controlling the adsorption process. Moreover, higher
values of k2 and qe,cal were obtained for Pb-ICB

Fig. 4. Thermogravimetric curves of CTS, NICB, and
Pb-ICB.

Fig. 5. Adsorption kinetics for the adsorption of Pb(II) onto
NICB and Pb-ICB.
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relative to NICB, demonstrating that the imprinting
enhanced the adsorption rate and performance of
chitosan beads.

The adsorption process of adsorbate onto a porous
adsorbent in aqueous solutions involved several steps,
including bulk diffusion, film diffusion, and intraparti-
cle diffusion. Generally, the bulk diffusion and film
diffusion are sufficiently rapid and not rate-determin-
ing factors, whereas the intraparticle diffusion is con-
sidered as the rate-limiting step in a well-stirred
system [25]. Therefore, we further analyzed the
adsorption process with intraparticle diffusion model
[26] expressed as Eq. (7).

qt ¼ kit
1=2 þ C (7)

where ki (mg/(g min1/2)) is the rate constant of intra-
particle diffusion; C (mg/g) is the thickness of the
boundary layer.

The fitting plots are shown in Fig. 7, and the calcu-
lated parameters are listed in Table 1. The plots
showed two portions, a linear slope and a plateau,
which revealed that two stages occurred during the
adsorption process. The slope portion represents the

intraparticle diffusion stage, and the plateau portion
corresponds to the equilibrium stage [25]. The diffu-
sion constant ki was found to be higher for Pb-ICB
relative to NICB, which demonstrated that Pb-ICB had
low diffusion resistance than NICB due to its cavity
structure.

3.6. Adsorption isotherm

Adsorption isotherm is invaluable in understand-
ing an adsorption process because its physicochemi-
cal parameters provide an insight into the adsorption
mechanism, the surface properties and the affinity
degree of adsorbent [27]. In the present study,
Langmuir and Freundlich isotherms were used to
describe the adsorption equilibrium of Pb(II) onto
NICB and Pb-ICB. The Langmuir isotherm generally
expresses the monolayer adsorption on an energeti-
cally homogeneous surface [28], whereas Freundlich
isotherm is an empirical equation and usually used
to describe the multilayer adsorption on an energeti-
cally heterogeneous surface [29]. The Langmuir and
Freundlich isotherms are expressed as Eqs. (8) and
(9), respectively.

Table 1
Kinetic parameters for the adsorption of Pb(II) onto Pb-ICB and NICB

Adsorbents
qe,exp
(mg/g)

First-order kinetic model Second-order kinetic model
Intraparticle diffusion
model

qe,cal
(mg/g)

k1
(1/min) R2

qe,cal
(mg/g)

k2
(g/(mg min)) R2

ki
(mg/(g min1/2)) R2

NICB 109.59 75.04 0.01619 0.8220 114.94 0.56 × 10−3 0.9980 8.9080 0.8570
Pb-ICB 141.69 133.62 0.06256 0.9342 144.30 1.25 × 10−3 0.9994 21.8425 0.9655

Fig. 6. Pseudo-second-order kinetic plots for the adsorption
of Pb(II) onto NICB and Pb-ICB.

Fig. 7. Intraparticle diffusion kinetic plots for the adsorption
of Pb(II) onto NICB and Pb-ICB.
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Ce

qe
¼ 1

b qm
þ Ce

qm
(8)

ln qe ¼ ln KF þ 1

n
ln Ce (9)

where Ce (mg/L) is the equilibrium concentration of
Pb(II); qm (mg/g) is the theoretical maximum adsorp-
tion capacity; b (L/g) is the Langmuir adsorption con-
stant; KF (mg/g) is the Freundlich isotherm constant
related to the maximum adsorption capacity; n is the
heterogeneity factor.

The adsorption isotherm experiments were con-
ducted at 293, 303, and 313 K, and the calculated
parameters of Langmuir and Freundlich isotherms are
given in Table 2. Based on the correlation coefficients
(R2), the adsorption of Pb(II) onto NICB, and Pb-ICB
fitted Langmuir isotherm better than Freundlich iso-
therm, indicating that the determining interaction
between chitosan and Pb(II) was the chemisorption
and the distribution of active sites on the surface of
NICB and Pb-ICB was homogeneous. Langmuir con-
stants (b), related to the affinity of active sites, were
found to be higher for Pb-ICB relative to NICB, which
demonstrates that Pb-ICB possessed better affinity to
Pb(II) ions than NICB. Moreover, the maximum
adsorption capacity (qm) of Pb-ICB, reached
177.62 mg/g at 303 K, was comparably higher than
those of NICB and other chitosan-based biosorbents
recently reported [14,30]. In addition, for Freundlich
isotherm, the constant (n) values were more than 1.0,
which means that the adsorption intensity was
favorable at high concentration.

3.7. Adsorption thermodynamics

The thermodynamic parameters including stan-
dard Gibbs free energy change ΔG˚ (kJ/mol), standard
enthalpy change ΔH˚ (kJ/mol), and standard entropy

change ΔS˚ (J/mol K) were calculated from Langmuir
constant (KL) according to the follows [31]:

DG� ¼ �RT ln KL (10)

ln KL ¼ DS�

R
� DH�

RT
(11)

where KL (L/mol) is the Langmuir constant, which
was obtained by multiplying the constant b (Table 2)
with the molar weight of lead; T (K) is the tempera-
ture; R is the gas constant (8.314 J/K mol).

The linear fitting plots of ln KL vs. 1/T were
obtained from the above Langmuir constants, and the
ΔH˚ and ΔS˚ were calculated from the slope and inter-
cept of the plots, respectively. The calculated values of
ΔG˚, ΔH˚, and ΔS˚ are presented in Table 3. The nega-
tive values of ΔG˚ showed that the adsorption of Pb
(II) onto NICB and Pb-ICB occurred spontaneously;
the decrease in ΔG˚ with the increase in temperature
implied that the adsorption process was more favor-
able at higher temperature. The positive values of ΔH˚
showed that the adsorption process was endothermic
in nature, and the positive ΔS˚ indicated that the
disorder of the system increased during the adsorp-
tion process. The values of |TΔS˚| were greater than
that of |ΔH˚|, which suggests that the adsorption was
dominated by entropy rather than enthalpy change
[32]. Moreover, higher entropy value of Pb-ICB
revealed also that Pb-ICB possessed better affinity
toward Pb(II) ions than NICB.

3.8. Selectivity of Pb-ICB

To investigate the selectivity of Pb-ICB, we con-
ducted the experiments using the binary system of Pb
(II) with other ions. The distribution coefficient (Kd),
selectivity coefficient (βPb/M), and relative selectivity
coefficient (βr) are listed in Table 4. Compared with

Table 2
Isotherm constants for the adsorption of Pb(II) onto NICB and Pb-ICB

Adsorbents T (K)

Langmuir constants Freundlich constants

b (L/g) qm (mg/g) R2 KF (mg/g) n R2

NICB 293 5.933 125.79 0.9991 110.218 3.008 0.9552
303 6.930 125.47 0.9933 109.292 4.152 0.9879
313 8.442 123.46 0.9993 114.228 3.331 0.9568

Pb-ICB 293 7.194 168.35 0.9977 149.089 3.745 0.9787
303 10.568 177.62 0.9932 162.593 5.483 0.8988
313 11.104 176.06 0.9987 164.633 4.296 0.9695
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NICB, Pb-ICB showed higher values of Kd and βPb/M,
which demonstrates that the imprinting enhanced the
adsorption capacity and selectivity of Pb-ICB. After
imprinting, the specific surface area and active sites
increased due to the cavity structure created in Pb-ICB,
and the matrix network of Pb-ICB was coordinated to
Pb(II) ions in size, shape, and geometry. Therefore, Pb-
ICB exhibited better adsorption capacity and selectivity
than NICB. Moreover, it was found that the relative
selectivity coefficient (βr) of Pb-ICB to Pb(II) was higher
in the Pb-Cd system than that in the Pb-Cu system. The
adsorption performance of the adsorbent varies with
the species of metal ions. The coordinative abilities of
metal ions with adsorbents can be identified using the
theory of hard and soft acids and bases [33]. When
forming coordinative bonds, the metal ions prefer the
ligands of the same kind to those of different kinds
[20]. Cu(II) and Pb(II) are borderline acids, whereas Cd
(II) is a soft acid. The coordination of Cu(II) and Pb(II)
with chitosan is priority to Cd(II) because the ligands in
chitosan are hard bases, which indicates that the effect
of Cu(II) on the adsorption of Pb(II) is greater than that
of Cd(II). Therefore, the relative selectivity of Pb-ICB to
Pb(II) was better in the Pb-Cd system than that in the
Pb-Cu system.

3.9. Reusability of Pb-ICB

To study the reusability of the adsorbent, we
conducted the adsorption–desorption in five cycles

and the results are shown in Fig. 8. The adsorption
capacities of NICB and Pb-ICB decreased with the
increase in reuse times, which may be because of
the damage to the specific geometry structure and
the loss of active sites by the repeated adsorption–
desorption processes [34]. After five cycles, the
adsorption capacities of NICB and Pb-ICB decreased
by 33.71 and 32.42%, respectively, which showed
that both NICB and Pb-ICB possessed good reusabil-
ity within five cycles of adsorption–desorption.

Table 3
Thermodynamic constants for the adsorption of Pb(II) onto Pb-ICB and NICB

Adsorbents T (K) KL (L/mol) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/(K mol))

NICB 293 1.229 × 103 −17.33 13.43 104.90
303 1.436 × 103 −18.31
313 1.749 × 103 −19.43

Pb-ICB 293 1.491 × 103 −17.80 16.68 118.10
303 2.189 × 103 −19.38
313 2.301 × 103 −20.14

Table 4
Selectivity of Pb-ICB and NICB in binary metal system

Binary system Ions

NICB Pb-ICB

βrKd (mL/g) βPb/M Kd (mL/g) βPb/M

Pb-Cu Pb 68.745 265.486
Cu 71.062 0.967 171.321 1.550 1.603

Pb-Cd Pb 74.909 251.254
Cd 64.309 1.165 118.707 2.117 1.817

Fig. 8. Reusability of NICB and Pb-ICB.
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4. Conclusions

In the present study, Pb-ICB were prepared using
Pb(II) ions as templates to improve the adsorption
capacity and selectivity. The resultant Pb-ICB showed
more cavities, but less crystallinity and thermal
stability than NICB. The enhanced and selective
adsorption of Pb(II) ions onto Pb-ICB was achieved,
and Pb-ICB exhibited good reusability within five
cycles of reuse. Our results suggest that Pb-ICB pos-
sessed excellent adsorption performance and had
potential to become a novel biosorbent with effective
and selective properties.
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