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Abstract

In this paper, Methacrylic acid (MAA) and 4-vinyl pyridine (4-VP) as functional monomers, Ethylene glycol two methyl
acrylate (EGDMA) as crosslinking agent, isopropyl alcohol as the solvent, prepared the Cu(II)- and Pb(II)- imprinted poly-
mers (ITPs) submicron spheres by precipitation polymerization. The presence/absence of the template ion in the preparation
of the imprinted polymer was confirmed by EDX spectroscopy, and the structure of the particles was investigated using
IR, SEM and BET analysis. From different components of crosslinker/monomer (C/M) ratio analysis, C/M at 1:3 was the
optimal ratio for preparing IIPs. Atomic absorption spectroscopy (AAS) was characterized the imprinted polymers absorp-
tion behavior. The results show that the maximum adsorption capacity of Cu?" and Pb** -imprinted polymer were 26.9 mg
g ! and 25.3 mg g7, respectively. They also have good adsorption capacity and superior selectivity property for Cu>* and
Pb** in water, respectively. The selectivity factors (o) for Ni**, Zn?*, Co** and Fe>* were 16.5 (Cu**) and 12.1 (Pb**), 13.8
(Cu**) and 16.2 (Pb**), 10.8 (Cu**) and 10.1 (Pb*"), 20.4 (Cu®*) and 20.7 (Pb>"), respectively. The regeneration experi-
ment result demonstrates an excellent re-utilization property of these two type IIPs, after ten uses, the adsorption capacity
can maintain above 60%.
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1 Introduction In these methods, Solid phase extraction (SPE) has

developed rapidly due to its advantages of simple operation

The industrial wastewater is the serious problems of world-
wide pollution. Especially the sewage containing heavy met-
als is an important factor causing damage to the environment
and human body [1]. There are many methods to remove
heavy metals from industrial wastewater, such as adsorption
on active carbon [2], liquid-liquid extraction [3], membrane
[4], chelating resins [5], solid phase extraction [6], and min-
eral substance [7].
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and low cost [8]. However, common separation methods,
including SPE, have a fatal disadvantage of poor selectivity.
Selective separation is very important in the field of water
treatment and metal recovery.

Molecular imprinting is a highly selective separation
technique which appeared at the end of the twentieth cen-
tury [9]. Molecular imprinting works by polymerizing the
target molecule (template) with functional monomers using
cross-linker. After the removal of template molecules, the
functional groups on the binding sites should be arranged
in a position suitable for subsequent interaction with tem-
plate molecules [10], so Molecular imprinting (MIPs) can be
recognize and bind the required molecular targets, showing
high affinity selectivity [11]. Ion imprinted polymer (IIP)
was synthesized with metal ion as template. In most cases,
specific ligands (or metal ion complexes with such specific
ligands) are used in the polymerization process to form sta-
ble complexes with metal ions.

In recent years, metal ion imprinting technology has
developed rapidly and a large number of research articles
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have been published (Zn-1IP [12], Cd-1IP [13], Hg-1IP [14],
Cr(VD-IIP [15], Mn-1IIP [16], Co-IIP [17]. Except for the
common heavy metals, T. Prasada Rao team prepared Dy-
IIP using 5,7-dichloroquinoline 8-ol (DCQ) and 4-vp as the
functional monomer [18], the polymer exhibits excellent
adsorption capacity and selectivity in the presence of inter-
fering ions. In addition, they also prepared rare earth metal
ion-imprinting polymers with templates of Tb [19], Yb [20],
Sm [21], La [22] and Ce [23], which were promoted the ion-
imprinting technology applications development.

In our previous works, selectively adsorbing Cu-IIP, Ni-
IIP, Zn-1IP, Pd-IIP, Pb-IIP and Pt-IIP have been synthesized
in particle forms using different polymerization methods
[24-29]. However, all the previous works have produced
particles size area in 200-500 pm, which size are suitable for
industrial wastewater treatment ranges. Therefore, in order to
expand the application scope of IIPs such as the stationary
phase of the liquid chromatography, a new synthesis process
was employed on preparing the ion imprinted polymers. This
work reports the synthesis of Cu-IIP and Pb-IIP submicron
spheres by precipitation polymerization for the enhanced
removal of aqueous Cu(Il) ions and Pb(I) ions, respectively.
Vinyl pyridine (4-VP) and Methacrylic acid (MAA) were
used as functional monomers for chelating with the template.
The adsorption capacity of the imprinted polymers was
measured for several metal ions to demonstrate the selec-
tive separation of the template ion, Cu(Il) and Pb(II). The
reproducibility of the selective adsorption was also tested.

2 Experiment
2.1 Reagents and Instruments

Copper sulfate (CuSO,), Lead nitrate (PbNO;) and isopro-
panol were from Shanghai combined test chemical reagent
co., LTD. (Shanghai, China). Methacrylate (MAA) 99%,
4-vinyl pyridine (4-vp) 95%, Ethylene glycol dimethacrylate
(EGDMA) 99% were from Thain chemical technology
(Shanghai) co., LTD. (Shanghai, China). Azodiisobutyroni-
trile (AIBN) was from Tianjin kermio chemical reagent co.,
LTD. (Tianjin, China). HC] and NaOH were from Huadong
Medicine Co., LTD. The monomer and cross-linker were
vacuum-distilled and stored at 4 °C before use.

In order to identify the chemical structure of the IIPs,
FTIR spectroscopy (Bruker VERTEX70, Bruker, Ettlingen,
Germany) was used. Scanning electron microscope (SEM)
(S-4800, Hitachi, Tokyo, Japan) and BET analysis (NOVA
4000e, Quantachrome, Boynton beach, Florida, USA) were
used to examine the morphology of the prepared polymer
particles. The adsorption characteristics of IIPs were inves-
tigated using AAS (Z-6100, Hitachi, Japan).

2.2 Preparation of lon Imprinted Polymer

Cu(II) or Pb(II)-imprinted polymers were prepared as sub-
micron spheres by the precipitation polymerization of self-
assembled Cu’or Pb>* and MAA, 4-VP complexes. Cu**
or Pb>*-MAA-4-VP complexes and EGDMA were used
at 1:1, 1:2, 1:3 and 1:4 in molar ratio, respectively; AIBN
was used at 4 wt% relative to the total monomer system.

2.2.1 Formation of lon-MAA-4-VP Self-Assembled
Complexes

CuSO, (5 mmol) was dissolved in 60 mL DI water at
room temperature, and then MAA (10 mmol) and 4-VP
(10 mmol) were added in turn. When the solutions was
mixed by stirring for 2 h for sufficient reaction, the
obtained precipitates (Cu- MAA-4-VP complex) were fil-
tered and washed three times with DI water, and then dried
in 70 °C under vacuum for 24 h. Pb- MAA-4-VP complex
was prepared in the same manner.

2.2.2 Preparation of lon-Imprinted Submicron Particles

Cu(II)-IIPs was synthesized as spherical particles by
precipitation polymerization. Firstly, the complex
Cu>*-MAA-4-VP (5 mmol) was dispersed in 60 mL of
isopropanol, and then the solution was placed in a 250 mL
three neck flask. The cross-linker EGDMA (5-20 mmol),
0.12 g of Azobisisobutyronitrile (AIBN) were added
into the reactor one by one. The mixture was stirred by
mechanical stirrer at room temperature at 250 rpm. The
polymerization reaction was conducted at room tempera-
ture for 15 min, after which the temperature was increased
to 70 °C for 6 h under N, atmosphere. The product was
washed with DI water and acetone to remove any impuri-
ties and un-reacted monomer, and then dried under vac-
uum for 24 h. Pb(IT)-IIPs was synthesized in the same way
of above. The synthesis process of non-ionic imprinted
polymers is the same as that of ionic imprinted polymers,
except that template ions.

Template ions within the polymer were removed by
extensive washing with 0.5 M HCI under stirring for 2 h.
This process was repeated several times and the solution
was analyzed by AAS until ions removed completely. The
resulting ITP submicron spheres were washed by DI water
and then dried in vacuum.
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2.3 Adsorption Experiments
2.3.1 Adsorbed lon

The submicron spheres’ adsorption capacities were inves-
tigated for a series of aqueous metal ions. The value of pH
value plays an important role at ion adsorption field, so the
effects of solution pH on adsorption capacity were studied
first. 0.1 g IIP particles was placed in 100 mL aqueous ion
(Cu®*or Pb>*) at 30 ppm, pH was adjusted from 2 to 7 by
the addition of 0.1 N NaOH and 0.1 N HCI. In order to
analyze the maximum adsorption capacity of ion imprinted
submicron spheres, 0.1 g of dried IIP was evenly dispersed
in 100 mL 5-60 ppm ionic aqueous solutions with dif-
ferent concentrations. After 3 h of magnetic agitation at
room temperature, the polymer particles were filtered out
using a filtration membrane. Atomic absorption spectrom-
eter (AAS) was used to determine the ion concentration
of the original solution and residual solution after adsorp-
tion, which were recorded as C;, and C, respectively. The
adsorption capacity of ion imprinted polymer was calcu-
lated according to the formula:

(c,—c,)V
0= —w (1)
where, Q represents the adsorption capacity of the polymer
(mgeg™"); C, and C, as the concentration of ions before and
after adsorption (mge 171), respectively; V is the volume (L)
of an aqueous solution; W, the mass of the polymer sample

(2.

2.3.2 Selective Adsorption Experiment

The selectivity of IIPs to target ions was studied by competi-
tive adsorption of four typical ions: Ni**, Zn?*, Fe** and
Cd>*. A 100 ml mixed aqueous solution containing template
ions and competing ions was prepared, and the concentration
of each ion was 30 ppm. The pH value of the solution was
adjusted to 6.5. After adsorption equilibrium was reached;
the concentration of the other metal ions was also measured
using AAS.
The distribution ratio (D) is given by Eq. (2):

_Co_CexU
=" - )

0

D

where, v is the volume of the solution (mL), m is the mass of
the polymer (g), C, and C, are the initial and final concentra-
tions of metal ions (mg L"), respectively.

The selectivity factor for template ions (Cu>*or Pb**)
in competition with other ions was calculated according to

Eq. 3):
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where, D and Dy, represent the distribution ratios of tem-
plate ions and other metal ions, respectively.

2.3.3 Recycling Experiment

The recycling experiment was performed at a pH of 6.5. A
certain amount of dried IIPs was evenly dispersed in 100 mL
30 ppm target ionic aqueous solutions. After 3 h of mag-
netic agitation at room temperature, the I[IPs were filtered out
using a filtration membrane. The adsorption capacity of IIPs
was determined by Atomic absorption spectrometry (AAS).
After that, the IIPs adsorbing target ions were dispersed in
the 0.5 M HCI and washed for 2 h to remove the target ions.
Then this batch of IIPs to carry out the adsorption target ion
experiment and test its adsorption capacity. This process is
repeated more than 10 times to test IIPs repeatability.

2.3.4 Structural Characterization of lon Imprinted
Polymers

The molecular structure of ion imprinted polymer before
and after adsorption was analyzed by FT-IR and EDX. The
morphology of polymer submicron spheres was observed
by SEM. The specific surface area of synthetic polymer was
determined by BET method.

3 Results and Discussion
3.1 Polymerization Mechanism

The two type’s Ion imprinted polymers (IIPs) were synthe-
sis with Methacrylate (MAA) and 4-vinyl pyridine (4-VP)
(functional monomers). Both functional monomers can che-
late with template ions to form ligands, which gives strong
imprinting sites towards the template ions. Although both
MAA and 4-vp can form complexes with ions, respectively,
the formation time is too long (about over 24 h). When these
two monomers both to be used, the synergistic effect will
play an important role, and this lead to the complex formed
in a short time, it greatly improves the reaction efficiency.
Because the carboxylic acid group from MAA was dissoci-
ated in aqueous solution, and gave off the hydrogen ions, this
is the source of protonation of 4-VP, which will be attracted
by N. In this way, the positively charged of template ion
will be attracted by the carboxylic acid group as negatively
charged, which will rapidly form the complex. Following,
the complex was cross-linked with EGDMA to synthesize
the IIPs spheres (Fig. 1).
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Fig. 1 Schematic representa-
tion of ion-imprinted polymer AN
synthesis process

Yo Q

OH

Function monomer Templet 2+

3.2 IR Analysis

Figure 2 shown the IR spectra of ion-containing polymers,
ion-removed (imprinted) polymers, and non-imprinted poly-
mers, all curves show similar IR spectra, indicating similar-
ity in the backbone structures, except for the binding groups
to the template ions(Cu’*, Pb>*). The C=0, C=C, and C-O
stretching vibration peaks from MAA at 1679, 1649, and
1201 cm™!, respectively [30]. The characteristic band of
pyridine ring was observed at 1638 cm™' [31]. The charac-
teristic of the structure of the characteristic peak of Cu—O
and Pb—O was occurred in ion-containing polymers while
not in ion-removed (imprinted) polymers. It is proved that
the template ion removed from polymer completely, and

Self-assembled l:‘l

]
X
X
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I CHa
g o/\/ow‘/gcﬂ2
o
EGDMA
Crosslinking

Cavity for M?*

the eluting process has not caused damage to the polymer
backbone, that’s the implication of the recognition site was
perfectly preserved.

3.3 EDX Analysis

Figure 3 show the EDX result on Cu(Il), Pb(II) contain-
ing and removed (imprinted) from polymers. The absence
of Cu(Il) ions from the imprinted polymer is confirmed by
the energy dispersive x-ray analysis (EDX). The clear pres-
ence of Cu(Il) ions before washing of template (Fig. 3a) is
undetected after its washing process (Fig. 3b), indicating its
complete removal. The same phenomenon is observed on
Pb () (Fig. 3c, d).
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Fig.2 FTIR spectra of Ni**-containing and Ni**-removed polymers

3.4 SEM Analysis

The surface morphology of the Cu?" and Pb>™ -IIPs was
characterized using SEM. Figure 4 shows the shape of the
imprinted particles. The 0.5-2 pm diameter submicron spheres
evident in the figure revealed that the precipitation polymeri-
zation was appropriate to prepare well defined, spherical IIP
particles. One phenomenon worth noting is that the diameter
of Pb** -IIPs was smaller than Cu®* -IIPs under the same
preparation conditions, but the agglomeration was also accom-
panied it. This phenomenon may be caused by the different
dispersibility of the two template ion-monomers complex in
the solvent.

For primary synthetic variables affecting the particle
size and morphology, the minimum amount of cross-linker
(EGDMA) to obtain spherical and uniformly shaped particles
in a desired size range was determined. Figure 5 shows the
size of Cu®* -IIPs particles produced at different components
of cross-linker/monomer(C/M) ratio range of 1:1 to 1:4. The
cross-linker plays an important role in particle formation and
aggregation. With insufficient EGDMA amount (ratiol:1,
1:2) (Fig. 5a, b), the resulting particles were not spherical
and were aggregated with one another. When the ratio was
increased from 1:1 to 1:3, the perfect sphere particles were
appeared at this condition. When the ratio continues to rise to
1:4, the spheres were going to be smaller. As the particle size
became uniform from ratiol:3, the lowest amount of EGDMA
was chosen as the optimal component to produce Cu®* -IIPs
particles.

@ Springer

Fig.3 EDX analysis of a Cu(I)-containing, b Cu(I)-removed poly-
mer particles, ¢ Pb(II)-containing and d Pb(II)-removed polymer par-
ticles

3.5 BET Method for Determination of Specific
Surface

As Table 1 Shown, the specific surface area of the copper
ion imprinted polymer gradually increased with increas-
ing cross-linker amount. It can explain that the amount of
crosslinking agent was underused on C/M 1:1 and C/M
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Fig.4 SEM microphotograph of
a Cu®* -IIPs and b Pb?* -IIPs

Fig.5 Effect of cross-linker/
monomer(C/M) ratio on the IIPs
particle size and form a C/M
I:I,bC/M 1:2,¢cC/M 1:3,d
C/M 1:4

Table 1 Specific surface area, total pore volume and average pore
radius of copper ion imprinted polymer on different C/M

Surface area  Pore volume (cm®/g) Pore
(m% 2) diarnetuer
(x10 A)
C/M 1:1 7.370 4.473%107° 3.1332
C/M 1:2 10.354 4.634%107° 4.2971
CM1:3 21.771 1.690x 1072 3.2230
C/M 1:4 15.446 1.061x1072 2.1938

1:2, only a small fraction of the microspheres exist, most of
which were aggregation. Therefore, the specific surface area
was smaller than other two groups.

However, excessive cross-linker also has an adverse effect
on polymerization. The amount of crosslinking agent on
C/M 1:4 was more than C/M 1:3, much more cross-linker

make its surface area and pore volume going to be smaller,
which is not conducive to improving the adsorption effi-
ciency of IIPs. It is indicated that the increased crosslink-
ing agent in a moderate range was better for improving the
specific surface area, the total pore volume and the average
pore radius, but adverse effect on excessive amount, which
led to adsorption capacity and efficiency decreased.

3.6 Adsorption Properties of lon-Imprinted
Polymers

In order to determine the optimum pH for Cu?* and Pb>*
recognition, adsorption isotherms were obtained over a pH
range of 2 to 7. As shown in Fig. 6, the adsorption capacity
for target ions increased with increasing pH value. The cause
is the proton dissociation of the carboxyl groups in the host
molecules plays an important role in adsorbing metals. The
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Fig. 6 Effect of pH on the adsorption capacity of 1IPs

sorption capacity was very low owing to the protonation of
MIIP in the acidic condition. As the imprinted polymers
sorption capacity was near its maximum at pH 6.5, this pH
was used in the further adsorption studies.

The concentration of target ions adsorbed by imprinted
particles was studied at pH 6.5, the test concentration area
from 5-60 ppm. As shown in Fig. 7, the amount of Cu>*
and Pb** adsorbed per unit mass of IIPs, increased with
increasing initial metal ion concentration up to a concentra-
tion of 26.9 mg g~! and 25.3 mg g™, respectively, which
is the maximum adsorption capacity of the prepared I1Ps
spheres. The binding constant is a parameter that describes
the ion binding between metal ions and polymers. The slope
of two curves was fitted by the formula: y =a+b*x, that’s
the binding constant. The binding constants of Cu(II)- and
Pb(II)-IIPs were 0.29717 and 0.28297, respectively.

30

N
(&)
T

—A—Cu-lIP
—e—Pb-IIP

N
o
T

- -
o o
T T

Adsorption Capacity (mg/g Polymer)
(9]
T

" " 1 " 1 "
0 20 40 60 80
concentration(ppm)

o

Fig.7 Effect of the initial concentration on the adsorption capacity of
IIPs
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In order to test the adsorption kinetics and special
selectivity of Cu®* and Pb** -imprinted polymer, Atomic
absorption spectrometer (AAS) was used to detect target
ion. From Fig. 8, Cu(Il)- or Pb(II)-IIPs had a high linear
adsorption efficiency for Cu?* or Pb>* respectively before
60 min. Because there were a large number of active sites in
the IIPs spheres at the beginning of adsorption, target ions
could bind to the recognition sites easily on the surface of
the imprinted polymer. After 60 min, the recognition site on
the surface of imprinted polymer was almost occupied by the
ions, it lead to the absorption stop increasing. It is implied
the ion imprinted polymer can reach the adsorption equilib-
rium in only 60 min. The binding constants were calculated
as 0.1257 and 0.12031 respectively by fitting the two curves.

An anti-interference experiment result was shown in
Fig. 9. When the ion imprinted polymer is in a solution
containing template ion and other ions of similar value and
size, the target ions absorbed by imprinted polymer has the
highest adsorption capacity. But using non-imprinted poly-
mers, the amount of target ions adsorption decreases greatly
under the same conditions. It is indicated that ion imprinting
technology has excellent specific selectivity to template ions.
Tables 2, 3 shows the distribution ratio (D) and selectiv-
ity factor () of Cu(Il)-, PA(ID)-IIPs. The selectivity coef-
ficients of the IIPs for Cu®*(Pb>*)/Ni**, Cu*(Pb**)/Zn**,
Cu**(Pb*")/Co** and Cu*(Pb>*)/Fe**, respectively, which
are much higher than those of non-imprinted polymers at
pH 6.5.

IIPs spheres adsorbent can be used repeatedly after
generation using HCI. Figure 10 shows the reproduc-
tion of the adsorption capacity after repeated adsorp-
tion cycles. As the adsorption capacity for target ions
decreased slightly during 10 repetitions, the adsorption
capacity of regenerated particles was still maintained at
a high degree. The regeneration times of ion-imprinted

30
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Fig. 8 Kinetic of ion imprinting polymer adsorption
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Fig.9 Selective adsorption of ion- imprinting and non-imprinted pol-
ymer adsorption

Table 2 Distribution ratios and selectivity factors of the Cu(II)-IIPs
for different metal ions

Metal ion Distribution coefficient, Selectivity

Dyfetal coefficient,
Acu/Metal

Cu 843.3 1

Ni 51 16.5

Zn 61.3 13.8

Co 78 10.8

Fe 413 20.4

polymers synthesized in this work was compared with
those in literatures, and the results are shown in Table 4.
According to the results, this work illustrates higher
regenerability for target ions than other ones synthesized
using different functional monomers.

Table 3 Distribution ratios and selectivity factors of the Pb(II)-IIPs
for different metal ions

Metal ion Distribution coefficient, Selectivity
Dytetal coefficient,
Opb/Metal
Pb 853.3 1
Ni 71 12.1
Zn 52.7 16.2
Co 84.7 10.1
Fe 41.3 20.7
V72 Cu
5 Br HHH Pb
€
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Fig. 10 Re-utilization property of IIPs for adsorption of Cu(Il) ions
and Pb(II) ions respectively

Table 4 Comparison of regenerability of ion-imprinted polymers syn-
thesized from different functional monomers

Imprinted polymer Regeneration times References
Pb- GO 5 [32]
Pb-seaweed hydrogel 5 [33]
Pd-CNT 6 [34]
Cu-CIS 5 [35]
Cu-PPDA 5 [36]
Cu-MBI-DB 5 [37]
Pb,Cu-MAA-VP 10 This work

4 Conclusion

In this paper, Cu(Il)- and Pb(II)-ion-imprinted polymer
submicron spheres were synthesized by precipitation
polymerization. The functional monomers methacrylate
and 4-vinyl pyridine were self-assembled with template
ions and then co-polymerized with ethylene glycol dimeth-
acrylate in the presence of template ions for the prepara-
tion of a tight network structure. From BET analyzed, the
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crosslinking agent amount increases appropriately, its spe-
cific surface area, pore volume and average pore radius of
ITPs can be significantly increased, which is conducive to
improving the adsorption efficiency and adsorption capac-
ity on template ions. From different components of cross-
linker/monomer(C/M) ratio analysis, C/M at 1:3 was the
optimal ratio for preparing IIPs. The adsorption kinetics
and adsorption selectivity experiments of ion imprinted
polymer on template ions show that IIPs has high adsorp-
tion efficiency and adsorption capacity. The regeneration
experiment result demonstrates an excellent re-utilization
property of the tow type IIPs.
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