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ABSTRACT

A rigid Pb(II)-imprinted polymers were synthesized by the combination of surface-imprinted method
with sol-gel method using (3-mercaptopropyl) trimethoxysilane as a functional monomer, Pb(II) and
hexadecyltrimethylammonium bromide as template ions and tetraethoxysilane as cross-linker and
were used as adsorbents for the removal of Pb(Il). The effect of molar ratio of cross-linker to func-
tional monomer on the morphology and adsorption performance has been evaluated. The effects of
pH, initial concentration and adsorption time on the adsorption performance of Pb(II) on both sor-
bents were investigated. The maximum adsorption capacity calculated from Langmuir isotherm was
68.03 mg g and 17.13 mg g for Pb(II)-IIP and Pb(II)-NIP, respectively. Kinetics studies showed that
the adsorption process obeyed the pseudo-second-order kinetic model. The selective adsorption coef-
ficient of Pb(II)-IIP for Pb(II)/Ni(II), Pb(II)/Cd(II), Pb(II)/Hg(II) and Pb(II)/Co(Il) are 117.5, 1.42, 4.9 and
30.24, respectively. The spent Pb(II)-IIP could be reused at least five cycles, demonstrating its good

practicability.
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1. Introduction

It is widely known that heavy metal ions pollution has
become one of the key problems of environmental pollution.
As one of heavy metal ions, Pb(II) has a threat to the human
body and the entire ecosystem. Currently, the main sources
of Pb(II) include mining, printing, metal plating, textiles, acid
batteries industries, fertilizer industry, paper and pulp indus-
tries [1,2]. The wastewater discharged from these industries is
the root cause for Pb(II) entering into ecosystems. Compared
with other pollutants, Pb(II) is non-biodegradable and tends
to be accumulated in living tissues [3], which can cause vari-
ous diseases and disorders in kidneys, liver, brain, reproduc-
tive system and central nervous system [4]. Thus, developing
an effective method to remove Pb(Il) from aqueous solution
is particularly necessary.

* Corresponding author.

Many methods have been adopted for the removal of
Pb(I) including chemical precipitation [5], ion exchange
[6], membrane separation [7,8], electrode deposition [9] and
adsorption [10,11]. Among them, adsorption is regarded as
the most attractive method in practical application due to its
simple operation, superior efficiency and benign environment
[12,13]. Therefore, exploring an efficient adsorbent is of vital
importance for the widely application of adsorption in water
treatment. In recent years, many sorbents have been inves-
tigated for the Pb(Il) removal, such as mineral adsorbents
[14,15], agriculture wastes [16-18], activated carbon [19], mod-
ified inorganic materials [20-23] and so on. However, these
materials exhibit low selectivity, which limits their application.

Ion-imprinted polymer (IIP) absorbents can overcome this
drawback very well, because they can provide a special recog-
nition system for the target ions due to the imprinting process.
Based on the memory effect toward the selected heavy ion,
some characteristics of template ion can be carved in the poly-
mer, such as the specificity of interaction between the ligands
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and the target ions and the size and shape of the target metal
ions [24,25]. In addition, these IIP adsorbents are stable under a
wide pH range, inexpensive, high mechanical strength and easy
to prepare. The traditional preparation methods of IIP include
bulk polymerization, emulsion polymerization and suspension
polymerization [26,27]. When using absorbents fabricated by
above methods, the kinetics of the sorption/desorption process
are unfavorable because the template and ligands are totally
embedded in the bulk polymer matrices and the mass transfer
must take place through a comparatively long distance [28,29].
In order to dissolve the above shortcomings, surface-imprint-
ing polymerization has obtained wide attention. When using
surface ion-imprinted technique, it is often combined with
sol—gel process, which can easily prepare a high cross-linking,
better thermal stability and chemical stability material. The
imprinted polymer layer is introduced onto the surface of
substrates through hydrolysis and condensation of alkoxysila-
nes. A variety of substrates have been applied for preparing
Pb(Il)-imprinted materials, for example, TiO, [30], silica gel
[31], mesoporous silica gel [32,33] and magnetic nanoparti-
cles [34-37]. Another efficient surface-imprinted method is the
reaction between template ion and functional monomers and
co-condensation between functional monomers and silylation
of silica precursors are processed at the same time to generate
surface ionic-imprinted functionalized silica particles, which
can be named as co-surface-imprinted method. To meet these
requirements, functional monomers containing chelated groups
usually are chosen as silylating reagents. Compared with the
first method, the second is more convenient and time-saving.
Up to now, there are only few works reporting the preparation
of IIPs using the second surface method. During these studies,
Tetraethoxysilane (TEOS) was selected as cross-linking agent,
3-iodopropyltrimethoxysilane  [38],  3-thiocyanatopropyl-
triethoxysilane [39] and 3-aminopropyltriethoxysilane [40—42]
were used as functional monomers. In view of the strong affin-
ity between Pb*" and sulfhydryl group (-SH), mercaptoprop-
yltrimethoxysilane (MPTMS) has been successfully employed
as functional groups for the fabrication of Pb(Il)-imprinted
polymer using mesoporous silica [32] or silica-coated magnetic
nanoparticles [34] as substrates. However, there is no report
about the synthesis of Pb(II)-imprinted polymer using MPTMS
as functional monomer by co-surface-imprinted method, which
is more convenient during the preparation of the material.

In this study, we designed to synthesize Pb(II)-IIP using
MPTMS as functional monomer, Pb(II) and CTAB as template,
TEOS as cross-linker through the combination of surface-im-
printed method with sol-gel method and apply them for the
removal of Pb(Il) using flame atomic absorption spectrometer
(FAAS) as determination technique. After removing the tem-
plates, a great deal of cavities originated from Pb(II) and CTAB
will be generated, which will offer a high surface area volume
and adsorption capacity. Moreover, the effects of the ratio of
TEOS to MPTMS on the morphology and adsorption perfor-
mance of the imprinted material were examined in detail. The
prepared materials were characterized by scanning electron
microscope (SEM), Brunauer-Emmett-Teller (BET), Fourier
transform infrared spectroscopy (FTIR) and energy disperse
spectroscopy (EDS). The adsorption and desorption per-
formance and the selectivity of the Pb(II)-IIP for Pb(II) were
investigated. The isotherm and kinetics analysis for the Pb(II)
adsorption on the Pb(II)-IIP were also studied in this work.

2. Experimental
2.1. Instrument

A Hitachi Z-2000 atomic absorption spectrometer (AAS)
(Hitachi, Japan) was applied to determine lead concentra-
tions. A Pb hollow cathode lamp (Hitachi, Japan) operated at
6.5 mA was employed as the radiation source. Measurements
were performed in the integrated absorbance (peak area)
mode at 283.3 nm using a spectral band width of 1.3 nm. The
prepared materials were characterized by TENSOR27 FTIR
(Bruker, Germany) in the region of 400-4,000 cm™. The size
and morphology were analyzed by S-3400N II SEM (Hitachi,
Japan). The element components were analyzed by S-3400N
IT EDS (Hitachi, Japan). The specific surface area and the pore
volume of samples were measured by V-Sorb 2800P BET
(Gold APP, Beijing, China).

The pH of the solution was measured by a Mettler-Toledo
FE20 pH meter (Mettler-Toledo, Shanghai, China) sup-
plied with a combined electrode. A KQ-500B ultrasonic
bath (Kunshan Ultrasonic Instrument, Suzhou, China) was
applied to speed up the adsorption process.

2.2. Material

Pb(II) stock solution of 1,000 mg L™ was prepared by
dissolving Pb(NQO,), in deionized water. Pb(Il) solutions
of different concentrations were prepared by serial
dilution of the stock solution using deionized water.
Hexadecyltrimethylammoniumbromide, (3-mercaptopropyl)
trimethoxysilane, tetraethoxysilane, ethanol, HCl, NaOH,
Cd(NO,),4H,O, Ni(NO,),6H,0, Co(NO,),6H,O and
NH,-H,O used in this work were all of analytical grade
and purchased from Aladdin’s reagent network (Aladdin,
Shanghai, China).

2.3. Preparation of Pb(I1)-1IP and Pb(II)-NIP

Pb(II)-IIP was prepared according to the co-surface-im-
printed method. In brief, 0.333 g Pb(NO,),, 0.5 g CTAB, 0.5 mL
MPTMS and 5 mL EtOH were dissolved in 10 mL deionized
water and stirred homogeneously at room temperature for
1 h. Then, 2 mL TEOS as cross-linker and 1 mL 30% ammonia
water were added dropwise into the obtained mixed solu-
tion under vigorous stirring. After 24 h, the temperature of
the solution was raised to 90°C by oil bath for 12 h, keeping
stirring. Finally, the precipitate was filtered from the solution
and soaked with 4 mol L' of HCI for 24 h in order to remove
the lead and CTAB in polymer until no Pb(II) was determined
by FAAS. Then Pb(II)-IIP was washed with deionized water
and NaOH until pH reached up to 7 and dried in a drying
oven at 60°C for the subsequent study.

For comparison, Pb(II)-NIP was prepared simultane-
ously following the same procedures in the absence of Pb(II)
template.

2.4. Adsorption experiment

All the adsorption studies were conducted in batch
modes. Briefly, a certain Pb(II)-IIP or Pb(II)-NIP were dis-
persed into 10 mL of sample solution with the chosen pH
and the initial concentration of Pb(Il). pH adjustments were
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obtained with NH,-H,O and HCl. And then the mixture
was blended together and immersed into an ultrasonic bath
performed at 40 kHz of ultrasound frequency and 100 W of
power to accelerate adsorption progress for an appropriate
time. Afterwards, the adsorbent was deposited by centrifu-
gation (4,000 rpm, 10 min) and the supernatant liquid was
collected for the determination of Pb(II) by FAAS.

The effect of initial pH on the removal percentage of Pb(1I)
was evaluated at a pH ranges from 2 to 7. The adsorption
studies were also examined as function of metal ions concen-
tration (1-150 mg L) and contact time (1-80 min). All exper-
iments were run in duplicate and the average values were
reported here. The removal percentage (R%) and adsorption
capacity of Pb was calculated using by following equations:

R%=(C,~C)/C, x 100% @
Q=(C,~C)VIM @)

where C and C, are concentrations of Pb (mg L™) in the solu-
tion before and after adsorption, respectively; where Q is the
adsorption capacity (mg g™), V is the volume of metal ion
solution (L) and W is the weight of the adsorbent (g).

2.5. Adsorption selectivity

In order to evaluate the selectivity of the sorbent for
Pb(Il), recognition studies of the competitive metal ions
(Ni(II), Co(II), Hg(Il) and Cd(II)) were performed. In the
experiments, 20 mg Pb(II)-IIP or Pb(II)-NIP was mixed with
10 mL of sample solution containing Pb(II)/Ni(II), Pb(II)/
Co(II), Pb(IT)/Hg(IT) or Pb(IT)/Cd(IT) with the concentration of
10 mg L™ in each case with pH 6. After reaching adsorption
equilibrium, the concentrations of Pb(II), Ni(II), Co(II), Hg(II)
and Cd(II) in solution were determined by FAAS. The distri-
bution coefficient K, selectivity coefficient k, and the relative
selectivity coefficient k' are given in Egs. (3)—(5).

K,=(C,-C)V/C,m )
k= Kd(l)/Kd(z) 4)
k' =Ko/ Kyp ®)

where C and C, are the concentrations of ions (mg L™) in
the solution before and after adsorption, respectively; V'is the
volume of metal ions solution (L) and m is the weight of the
adsorbent (g); K, represents the distribution coefficient of
Pb(Il) and K, represents the distribution coefficient of Ni(II),
Co(Il) and Cd(II). k,, and k,,, represent the selectivity coeffi-

cient of Pb(II)-IIP and Pb(II)-NIP, respectively. And k' is the
relative selectivity coefficient.

2.6. Desorption and regeneration experiments

The desorption and regeneration experiments were con-
ducted as following: 20 mg Pb(II)-IIP was immersed in 10 mL
of the sample solution containing 10 mg L™ concentration of
Pb(Il). After reaching adsorption equilibrium, the desorp-
tion was carried out by means of eluting the adsorbents with

0.5 mol L* HCl solution. This adsorption—desorption proce-
dures were run five times under equal conditions and the
final Pb(II) concentration in the solution was determined by
FAAS.

3. Results and discussion
3.1. Preparation and characterization of the materials

3.1.1. Effect of molar ratio of TEOS to MPTMS
on the morphology and adsorption performance

The molar ratio of TEOS to MPTMS has a vast influence
on the morphology and adsorption performance of Pb(II)-IIP
as it decides the amount of functional sites and the weight
of the silica matrix. The performance and the surface mor-
phology of Pb(II)-IIP that was fabricated with various molar
ratios of TEOS to MPTMS were studied and the results are
shown in Table 1 and Fig. 1. As can be seen, when the ratio
of TEOS/MPTMS was lower than 1, the product was hard-
ened and formed a monoblock with many pores, which was
because too little cross-linker could not offer sufficient sil-
ica matrix to produce network structure. After the ratio of
TEOS/MPTMS was higher than 1, regular spherical particles
with the mean particle size of 200 nm were generated and the
adsorption capacity of Pb(II) was decreased with the increas-
ing of the ratio. The dropped adsorption capacity was due to
the declined functional groups provided by MPTMS, which
was agreed well with the Wu et al. [43]. Hence, a ratio of 1.6
was selected to synthesize the material.

Table 1
The molar ratio of TEOS to MPTMS on the adsorption
performance of Pb(II)

Sample A B C D
M reospprues) 5 3.3 1.6 0.9
Adsorption 6.92 7.9 10.72 -
capability (mg g™)

“Pb(I): 0.333 g; CTAB: 0.5 g; deionized water: 10 mL; EtOH: 5 mL;
NH,-H,0: 1 mL.

Fig. 1. SEM images of Pb(II)-IIP: (A) M
B)M =3, (OM

(TEOS/MPTMS)

=1.6and (D)M =0.9.

(TEOS/MPTMS) (TEOS/MPTMS) (TEOS/MPTMS)
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3.1.2. FTIR spectrum

The FTIR technique is an important method to iden-
tify the characteristic functional groups that can produce
strong affinity towards the metal ions. As it could be seen
the similar main peaks in the FTIR spectra of both Pb(II)-IIP
and Pb(II)-NIP exhibited in Fig. 2 not only suggested the sim-
ilar polymeric backbones but also indicated that the leach-
ing process did not affect the polymeric network [44,45].
The adsorption peak at 1,081 cm™ discovered on Pb(II)-IIP
and Pb(II)-NIP was assigned to Si-O stretching vibration,
reflecting the formation of a layer of silica on the surface of
materials. In addition, the peak at 2,928 cm™ was ascribed
to -CH, group from MPTMS and TEOS. The absorption peak
of —SH group was not discovered in both spectra of Pb(II)-IIP
and Pb(II)-NIP, which may be attributed to relatively lower
content of —-SH group.

3.1.3. EDS analysis

In order to verify the existence of -SH and the main com-
posites of the Pb(II)-IIP and Pb(II)-NIP, EDS analysis was
employed and the results are listed in Table 2. As revealed in
Table 2, the main elements in both materials were C, O, Si and
S and the contents of —-SH in Pb(II)-IIP were higher than that
in Pb(II)-NIP, contributing to a larger adsorption capacity of
Pb(Il). These results demonstrated that the imprinted poly-
mer has been successfully formed.

3.1.4. BET analysis

Large specific surface area is one of the most import-
ant properties of porous adsorption materials. The specific
surface area of Pb(II)-IIP and Pb(II)-NIP was determined by
BET analysis illustrated in Table 3. The specific surface area
of Pb(II)-IIP was found to be 394.40 m? g™!, which was much
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Fig. 2. FTIR spectrum of Pb(II)-IIP (A) and Pb(II)-NIP (B).

Table 2
EDS analysis of Pb(II)-IIP and Pb(II)-NIP
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higher than that of Pb(II)-NIP (50.98 m? g*'). Meanwhile,
the pore size of Pb(II)-IIP was measured as 3.42 nm, which
was lower than that of Pb(II)-NIP (9.72 nm). The pore vol-
ume of Pb(I)-IIP and Pb(II)-NIP was found to be 0.37 and
0.14 cm® g, respectively. Compared with Pb(II)-NIP, the
much larger surface area of Pb(II)-IIP was due to more cav-
ities produced during the imprinted process, which would
result in the higher adsorption capacity.

3.2. Adsorption experiments
3.2.1. Effect of pH

The pH has a significant effect on the uptake of metal
ions, since it decides the existing species of metal ions and
the ionization form of the functional groups on the surface
of the adsorbent which will affect the availability of binding
sites. The effects of pH on the removal percentage of Pb(II) by
Pb(II)-ITP and Pb(II)-NIP were examined at pH range of 2-7.
The results presented in Fig. 3 shows that the removal percent-
age of Pb(Il) on both materials increased with the increasing
of pH during the whole pH range. However, the removal per-
centage of Pb(Il) on Pb(II)-IIP was much higher than that on
Pb(II)-NIP and the removal percentage of Pb(II) on Pb(II)-IIP
could reach 100% during the pH range from 6 to 7 while the

Table 3
BET analysis of Pb(II)-IIP and Pb(II)-NIP

Sorbent  Specific surface Pore volume Average pore
(m?g™) (ecm?®g™) diameter (nm)
jiig 394.40 0.37 3.42
NIP 50.98 0.14 9.72
100+
80|
=
? o
g
;% 40
g
:
/204
04

pH

Fig. 3. Effects of pH on the removal of Pb(Il) by Pb(II)-IIP and
Pb(I)-NIP. C,: 10 mgL™; contact time: 30 min, dosage of
adsorbent: 5 mg.

Material C (@] Si S

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic %
il 32.42 43.78 4043 40.98 18.49 10.68 6.17 3.12
NIP 34.27 46.00 38.60 38.89 21.14 12.13 5.34 2.68
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highest removal percentage of Pb(II) on Pb(II)-NIP was only
about 20%. The effect of pH higher than 7 on the adsorption of
Pb(II) on both materials was not investigated due to the easy
formation of precipitation of hydroxide. When pH < 3, Pb(II)
was nearly not reserved on both materials, which was because
the active sites on the surface of Pb(II)-IIP and Pb(II)-NIP
were positive in acidic solution due to the protonation and
thus Pb(II) was repulsed by the materials. With the increasing
of pH, the degree of the protonation decreased, electrostatic
repulsion declined and the adsorption of Pb(II) on the sorbents
enhanced. Besides, with the increase of pH, more and more
chelate complex of Pb(II) and -SH was formed, especially after
pH was up to 6. Because when we carried out the experiments,
we found that Pb(II)-IIP material was white after eluting Pb(II)
and they changed into yellow while adding Pb(II) solution.
In other words, the materials were yellow if the chelate was
formed and they were white when the chelate was destroyed.
However, there was no any color change in the pH range of
2-3, which was due to nearly no absorption of Pb(II). The color
change was strengthened with the increasing of pH and was
the most obvious after pH value was arrived to 6, further con-
firming the speculation of the formation of chelate complex.
Considering the removal efficiency and practicality, pH 6 was
chosen as the optimum solution pH in the following studies.

3.2.2. Effect of initial metal concentration

The study about different initial metal ion concentration
is quite important in optimizing their use in aqueous solution.
The effect of initial metal ion concentration on the adsorption
capacity of Pb(II) was analyzed in the range of 0-150 mg L™
of Pb(II) and the results are shown in Fig. 4. It is evident from
Fig. 4 that the uptake capacity improved rapidly with the
increase of initial Pb(II) concentration and then attained a
saturation value at 100 mg L™ with a maximum equilibrium
uptake for Pb(Il) of 73 mg g™ for Pb(II)-IIP adsorbent and
20 mg g for Pb(II)-NIP adsorbent, respectively. The rapid
adsorption during lower initial concentration was attributed
to the availability of numerous active sites on the surface of
the adsorbents. While with the improving concentration,
more Pb(II) remained unabsorbed because the binding sites
were occupied. Hence, the experimental value of maximum
adsorption capacity was 73 mg g™

100

80 —a— Pb(ID)-1IP
—o— Pb(ID-NIP)

60

40

Qlmgg")

204

2 0 20 4 6 8 100 120 10 160
Colmg L")
Fig. 4. Effects of initial Pb(II) concentration on the adsorption

capacity of Pb(II) on Pb(II)-IIP and Pb(II)-NIP. pH: 6; contact
time: 30 min, dosage of adsorbent: 5 mg.

3.2.3. Effect of contact time

The contact time between the adsorbate and adsorbent is
another very important parameter for the adsorption of metal
ions. The effects of contact time on the adsorption capacity of
Pb(II) on both Pb(II)-IIP and Pb(II)-NIP were investigated in
this study and the results are shown in Fig. 5. As Fig. 5 demon-
strates, the adsorption of Pb(II) on Pb(II)-IIP and Pb(II)-NIP
with an initial Pb(II) concentrations of 100 mg L™ was very
fast and the equilibrium was established after 40 and 5 min,
respectively. To 100 mg L Pb(II), it just needed 40 min to
achieve adsorption equilibrium, which revealed that Pb(II)
were very easy to enter into a great deal of imprinted cav-
ities and bound with the recognition sites on the surface
of Pb(II)-IIP. Compared with Pb(II)-IIP, less active sites
and cavities generated in the Pb(II)-NIP contributed to the
faster adsorption rate of Pb(II), needing only 5 min to obtain
adsorption equilibrium. Moreover, the maximum adsorption
of Pb(II) on Pb(II)-IIP was about 70 mg g, much larger than
that on Pb(II)-NIP (about 20 mg g™). This phenomenon could
be explained as the available active sites and cavities on the
surface of Pb(II)-1IP, produced in the imprinted process, were
much more than that of Pb(II)-NIP, which further confirmed
the above speculation.

3.2.4. Adsorption kinetics

To evaluate the reaction pathways of adsorption pro-
cesses such as mass transfer, diffusion control and chemical
reaction, the kinetic datum obtained from batch experiments
were fitted pseudo-second-order rate equation, which was a
classic kinetic model and could be expressed as the following
form:

—=t— (6)

where g, (mg g™) was the amount of adsorption at time
t (min), k, (g (mg min)") was the rate constant of the
pseudo-second-order kinetic adsorption as well as g, was the
equilibrium adsorption capacity.

80
70

60

Fig. 5. Effects of contact time on the adsorption capacity of Pb(II)
on Pb(I)-IIP and Pb(I)-NIP. C,,: 100 mg-L™"; pH: 6; dosage of
adsorbent: 5 mg.
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The values of q,and k, could be obtained from the slopes
and intercepts of the linear curve of t/g,vs. t and are showed in
Table 4. As demonstrated in Table 4, the pseudo-second-order
equation fitted well to the experimental datum of the Pb(II)-
ITIP and Pb(II)-NIP with a high correlation coefficients (R?)
of 0.99 for both sorbents. The theoretical g, values calculated
from the pseudo-second-order kinetic model, 71.38 and
25.5 mg g for Pb(II)-IIP and Pb(II)-NIP, respectively, were
also very close to the experimental values of 70 mg g™ for
Pb(I)-IIP and 20 mg g™ for Pb(II)-NIP. These results sug-
gested that the pseudo-second-order mechanism was pre-
dominant for the description of the Pb(II) adsorption on
Pb(II)-IIP and Pb(II)-NIP and that chemical sorption may be
the rate-limiting step that controlled the adsorption process.

3.2.5. Adsorption isotherm

The study on the adsorption isotherms was of great sense
to describe the relationship between adsorbent and metal
ions and it could help understand the adsorption mechanism.

Table 4

The Langmuir adsorption isotherm was used in this work
and could be expressed by following equation:

&=&+ 1 7)

qe qm quL

where ¢, (mg L) is the equilibrium concentration in the solu-
tion, g, (mg g™) is the adsorption capacity, g, (mg g™) is the
maximum binding capacity and K, (L mg™) is the equilib-
rium constant.

Linear plots of c /g, vs. ¢, were employed to determine the
value of q___and K, and the results are listed in Table 4. As
shown in Table 4, the calculated Langmuir constant q__were
68.03 and 17.13 mg g™ for Pb(II)-IIP and Pb(II)-NIP, respec-
tively, which were in good agreement with the respective
experimental g __ values, indicating that the sorption sites
are basically homogeneous. Besides, a comparison of absorp-
tion capacity of Pb(Il) on different imprinted adsorbents
is demonstrated in Table 5. It can be seen that the material

Langmuir parameters and kinetic parameters for the adsorption of Pb(II) on Pb(II)-IIP and Pb(II)-NIP

Material Langmuir parameters Pseudo-second-order parameters
ex (M &) k, (Lmg™) R? q,(mgg") k, (g (mg min)™) ~ R®
Pb(II)-1IP 68.03 0.5282 0.98 71.38 0.0057 0.99
Pb(II)-NIP 17.13 2.2662 0.95 255 0.0112 0.99
Table 5
Comparison of adsorption capacity of Pb(II) on different ion-imprinted polymer
Absorbents Functional monomer Cross-linker Absorption  Reference
capacity
(mg-g™)
Pb(II)-imprinted polymer in Chitosan Glycidoxypropyltrimethoxysilane 22.7 30
nano-TiO, matrix
Pb(II)-imprinted 3-Aminopropyltrimethoxysilane  Activated silica 19.66 31
amino-functionalized silica gel
sorbent
Pb(II)-IIP using CTS as Chitosan Y-(2,3-epoxypropo-xy) 42.55 33
functional monomer on propyltrimethoxysilane
support matrix of SBA-15
Magnetic ion-imprinted 3-Mercaptopropyl Tetraethyl orthosilicate 32.58 34
polymer (Fe,O,@SiO,-11P) trimethoxysilane
Pb(II) ion-imprinted Allyltrimethoxysilane Tetraethyl orthosilicate 68.1 36
polymer coated on magnetic
mesoporous silica
Magnetic ion-imprinted 4-(vinylamino) Ethylene glycol dimethacrylate 55.89 37
polymer (IIP) pyridine-2,6-dicarboxylicacid 2,2'-Azo bis isobutyro nitrile
Pb(II)-ion-imprinted Chelating Schiff base Tetraethoxysilicate 54.9 40
silica-supported ligands derived from the
organic—inorganic hybrid 3-aminopropyltrimeth-oxysilane
and 2-thiophenecarboxalde-hyde
Pb(II)-imprinted polymers (3-mercaptopropyl)- Tetraethoxysilane 68.03 This work

tri-methoxysilane
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prepared in this work had a relatively higher absorption
capacity than most other materials, which illustrated the
effectiveness of preparation.

3.3. Thermodynamic study

In order to obtain the information about the inherent
energetic changes associated with the adsorption, the ther-
modynamic study was examined in this work. The change
in Gibbs free energy (AG®, k] mol™), enthalpy (AH®, k] mol™)
and entropy (AS°, ] mol™ K) of the adsorption process can be
calculated from:

AG® = -RTInK, ®)
K, = AS° AH )
R RT

where K, is the equilibrium constant, which can be estimated
using the method of Lyubchik et al. [46] by plotting In(q /c)
vs. g,under different temperatures, R is the universal gas con-
stant (8.314 ] mol ' K™) and T is the absolute temperature (K).
AH°® and AS° can be determined from the intercept and
slope of the plot between InK,vs. 1/T and all thermodynamic
parameters are listed in Table 6.

The negative value of AG suggested the spontaneity of
the adsorption and the positive value of AH indicated the
endothermic nature of adsorption, which was in agreement
with the increase in adsorption capacity with increasing
temperature. The positive value of AS demonstrated the
increasing disorder at the solid-liquid interface during the
adsorption of Pb(II) on Pb(II)-IIP, which was mainly due to
the interaction of Pb(II) with the active binding sites of the
adsorbents.

3.4. Adsorption selectivity

To examine the selectivity of the Pb(II)-IIP, Ni(II), Cd(II),
Hg(II) and Co(II) were chosen as a comparative ions because
they had the same charge and also can bind well with the
ligand. For comparison, the selective adsorption was also
carried out by using Pb(II)-NIP and the results are shown
in Table 7. As seen in Table 7, under the presence of com-
petitive ions, the distribution ratio K (Pb) and the selective
adsorption coefficient k of Pb(II)-IIP was significantly higher
than that of Pb(II)-NIP, indicating that Pb(II)-IIP had high
affinity and selectivity of Pb(II). These results could be due
to the imprinting process of Pb(II)-IIP material preparation.
Pb(II)-IIP materials had specific cavities, which contained
binding sites with functional ligands and constant size to
match Pb(II). Moreover, these cavities and sites were in an
orderly stereochemical arrangement. However, other ions
and the imprinting cavities could not be able to complement
each other, resulting in that the specific cavities could only
adsorb Pb(II) preferentially. Additionally, the functional
ligands of the non-imprinted adsorbent arranged ran-
domly and disorderly and more importantly there were no
imprinted cavities in Pb(II)-NIP, bringing about unremark-
able selectivity performance.

Table 6

Thermodynamic parameters of Pb(II) adsorbed onto Pb(II)-IIP
T/K Q, AG° AH° AS°

(mgg™) (K mol")  (Kfmol”)  (Jmol"K)

298 32 —6.52 1.83 32.26
308 39.9 -8.92
318 70.7 -10.58

Table 7

Selectivity parameters of Pb(II)-IIP and Pb(II)-NIP for Pb(II)

Metal ions Sorbent K (Pb) KM% k K
Pb(II)/Co(I)  IIP 37,420 9 4158  30.24
NIP 110 0.8 137.5
Pb(II)/Cd() IIP 6,670 1330 5.01 1.42
NIP 53 15 3.53
Pb(II)/Ni(Il)  IIP 49,000 103 4757  117.5
NIP 81 20 4.05
Pb(II)/Hg(Il) IIP 185 1117 0.17 49
NIP 30 867 0.035
Conditions: m g, , = 20 mg, My, = 20 mg, C = 10 mg-L™,

CH(M) =10mg-L?, pH=6, T=30 min, V=10 mL.
°M stands for the Co, Cd, Ni and Hg.

3.5. Desorption and regeneration

Regeneration allows for the reuse of the sorbent and is one
of key factors for reducing costs in practical application. For
repeated use of an adsorbent, adsorbed metal ions should be
easily desorbed under proper conditions. The pH study dis-
played that Pb (II) was nearly not reserved by Pb(II)-IIP when
pH < 3, implying that acid treatment is a feasible approach
to regenerating the Pb (II). Hence, the desorption of the
adsorbed Pb(II) by different concentrations of hydrochloric
acid was investigated and the results showed that 0.5 mol L™
HCl could desorb Pb(Il) from the material. In order to exam-
ine the reusability of Pb(II)-IIP adsorbent, the adsorption/
desorption cycles were repeated several times and the results
disclosed that the Pb(II)-IIP materials were still with the same
adsorption capacity even after the fifth cycle. These results
suggest that Pb(II)-IIP is with good reusability and selectivity
and has a great potential in practical application.

4. Conclusions

In this study, a new Pb(II)-IIP using MPTMS as functional
monomer, Pb(II) and CTAB as template, TEOS as cross-linker
have been fabricated through the combination of surface-im-
printed method with sol-gel method and applied them for
the removal of Pb(II). Moreover, we found that the molar
ratio of TEOS to MPTMS in the preparation progress has a
vast influence on the morphology and adsorption perfor-
mance of Pb(II)-IIP. Proper molar ratio of TEOS to MPTMS
could help to form a network of pore channels and regular
spherical particles that could contribute to large surface areas
and excellent transfer kinetics for metal ions. In comparison
with Pb(II)-NIP, Pb(II)-IIP had higher adsorption capacities
and higher selectivity for Pb(II), which was due to plenty
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of active binding sites stemmed from MPTMS and cavities
provided by Pb(II) and CTAB during the imprinted process.
The absorbed Pb(II) could be desorbed by 0.5 mol L"*HCl and
Pb(II)-IIP could be reused five cycles without notable loss of
adsorption performance, displaying good reusability and
great potential for practical application.
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