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a b s t r a c t

Copper (II) ion-imprinted porous polymethacrylate micro-particles were prepared. Two functional
monomers, methacrylic acid and vinyl pyridine, formed a complex with the template copper ion through
ionic interactions. The self-assembled copper/monomer complex was polymerized in the presence of
an ethylene glycol dimethacrylate cross-linker by a suspension method. After the imprinting sites were
provided through removal of the template, the micro-porous particles, of approximate size 200 �m, were
eywords:
mprinted polymer
elective separation
eavy metal ion
etal/monomer complex

obtained for batch and column separation applications. The chemical structure and morphology of the
Cu(II)-imprinted micro-porous particles were analyzed using FTIR, SEM, and BET. The adsorption capacity
and adsorption kinetics of the imprinted beads for the template Cu(II) ion were significantly affected by
particle size, copper ion concentration, pH, and flow rate of the feed solution. The imprinted particles
showed high selectivity for the copper ion over other metal ions such as Ni and Zn. The selectivity of the

ers fo
present imprinted polym
sources.

. Introduction

Currently, the treatment of industry waste has been a strong
oncern as it continues to develop. One category of industrial pol-
utants includes heavy metals, often contained in the wastewater,
uch as copper, nickel, zinc, arsenic, and palladium. When released
nto the environment, these heavy metals can cause severe damage
o the human body, including accumulative poison, brain damage,
nd cancer.

Several processes are currently in place for heavy metal removal,
ncluding chemical precipitation, membrane, and ion exchange
1–13]. In chemical precipitation, the heavy metals are removed
y precipitation in solution as salts. The metal ions can also be
eparated by membranes using both their barrier structures and
roperties associated with a variety of unique morphologies and
hysicochemical interactions between membranes and metal ions.

n ion exchange, the positively charged metal ions are exchanged
ith proton or sodium ions within anionic or chelating groups con-

ained in resins. While these methods are industrially applicable

or non-preferential separation, the inherent lack of selectivity is
major drawback and as such, a specific metal ion cannot be sep-
rated from others. In order to remove/separate a specific metal
on from a mixture, whether toxic or precious, a selective separa-

∗ Corresponding author. Tel.: +82 31 290 7250 fax: +82 31 299 4700.
E-mail address: djkim@skku.edu (D. Kim).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.107
r the copper ion was at least 10 times as high as those from commercial

© 2009 Elsevier B.V. All rights reserved.

tion method is required. Selective separation of heavy metal ions
is desirable not only from an environmental standpoint, but also as
an economical one when the metal is precious or reusable.

An efficient method for selective separation is the ionic imprint-
ing technique where the specific recognition capability is provided
to the host molecules by addition and subsequent extraction of
template molecules/ions [14–19]. Three steps are involved in the
preparation of imprinted polymers: (i) mixing and self-assembling
of template and polymerizable ligands into a complex; (ii) poly-
merization of this complex in the presence of a cross-linker; (iii)
removal of the template after co-polymerization [20].

Recently, our group has developed a few types of copper-
imprinted polymeric particles with different morphologies and
imprinting positions ranging from bulk and surface imprinted to
pore imprinted [21]. Particle size varied from 1 nm to 100 �m
depending on the application modes. In those studies, the two-
step reactions included preparation of the imprinted polymers, the
synthesis of the ion containing the monomer, followed by its poly-
merization in the presence of a cross-linker. A single monomer with
a functional ligand was used to provide the polymer with imprint-
ing sites by binding and subsequent extraction of the template.
Unlike the previous two-step synthetic methods, a single reaction
step was involved in this research. To achieve reaction optimiza-

tion, two types of functional monomers were used, one anionic and
one cationic, that were simply blended with a copper template to
form a metal/monomer complex by self-assembling through ionic
interactions. The polymerization reaction of the copper/monomer
complex, followed by extraction of the template, leads to the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:djkim@skku.edu
dx.doi.org/10.1016/j.jhazmat.2009.08.107
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roduction of the copper-imprinted particles. The structure and
roperties of the imprinted particles produced were analyzed using
everal techniques. The selective separation behavior of the present
mprinted polymers was investigated in both batch and column
eparation modes, and the results were compared with those from
ommercial sources.

. Experimental

.1. Materials

The functional monomers of methacrylic acid (MAA) and 4-
inyl pyridine (4-VP), and the copper salt, CuSO4·5H2O, were
upplied from Sigma–Aldrich (Milwaukee, WI, USA). Ethylene gly-
ol dimethacrylate (EGDMA), the cross-linker, was also supplied
y Sigma–Aldrich. It was vacuum distilled for storage at 4 ◦C prior
o use. Azobisisobutyronitrile (AIBN, Sigma–Aldrich) was used
s an initiator and hydroxyethyl cellulose (HEC, Sigma–Aldrich)
s a stabilizer in the polymerization reaction, respectively. All
ther chemical species were of reagent grade and purchased from
igma–Aldrich. The water used in this experiment was de-ionized
DI water). Three types of commercial ion exchange resins were
upplied from Bayer Chemicals (Germany): Lewatit monoplus S 100
f a strong acidic resin; Lewatit CNP 80 of a weak acidic resin; and
ewatit TP 207 of a chelating resin, respectively.

.2. Synthesis of copper-imprinted polymer beads

The Cu(II)-imprinted polymer beads were prepared by a sus-
ension polymerization technique. Cu2+ aqueous solution was
repared by dissolving 2.5 mmol CuSO4·5H2O in 30 mL DI water.
he functional monomers composed of MAA and VP, 5 mmol each,
ere added to Cu2+ solution with continuous stirring until forma-

ion of the template(Cu2+)/monomer complex at pH around 4.0.
GDMA (cross-linker, 20 mmol), toluene (porogenic solvent, 10 mL)
nd AIBN (initiator, 2 wt.% based on vinyl monomers) were added
nd the resulting solution was mixed with 30 mL of 2 wt.% HEC
surfactant) aqueous solution. The polymerization reaction was
arried out in a three-neck flask reactor equipped with a reflux con-
enser and nitrogen gas purge line, at 70 ◦C for 6 h with agitation
t 250 rpm with constant nitrogen purging. The Cu(II)-containing
olymer beads were collected after washing in an acetone:water
1:1) solution four times and dried in vacuo for 1 day. The Cu(II)-
mprinted polymer beads were obtained after removal of the
opper ions in solution using aqueous 1.0 M HNO3 with vigorous
gitation [22]. The non-imprinted polymer was also prepared for
omparison in chemical structure, except without use of the Cu2+

olution.

.3. Chemical structure and morphology

Fourier transform infrared spectroscopy (Bruker IFS-66/S, FTIR,
ruker, USA) was used to identify the chemical structure of the
olymers synthesized before and after extraction of the copper

ons. The samples were prepared by blending the polymers and
Br crystals in powder form in a 1:100 mg weight ratio.

A scanning electron microscope (SEM, Philips Co., USA) was
mployed to investigate the size and morphology of copper-
mprinted porous micro-beads. The samples were fractured under

he quenched state in liquid nitrogen to observe interior morphol-
gy.

The surface area of the synthesized polymer beads was deter-
ined by a porosimetry analyzer (ASAP 2010, Micoromeritics,
orcross, GA, USA) in a BET nitrogen adsorption and desorption
ode after appropriate degassing and drying of the sample [23].
Materials 173 (2010) 462–467 463

2.4. Batch separation analysis

The Cu(II)-imprinted polymer beads were used for batch sep-
aration analysis. In order to determine the copper adsorption
capacity, 0.1 g of the Cu(II)-imprinted polymer beads were dis-
solved in 40 mL of the Cu2+ aqueous solution at 10 ppm, at pH 6.2.
In order to investigate the effect of the initial concentration of Cu2+

solutions on adsorption capacity, the concentration of the Cu(II)-
imprinted polymer beads in the Cu2+ solutions was varied from
5 ppm to 100 ppm. The concentration of Cu2+ solution was con-
tinuously measured using atomic absorption spectroscopy (AAS,
Hitachi, Z-6100, Japan), with the adsorption capacity determined
from the equilibrium concentration of the solution, until no fur-
ther reduction of the Cu2+ ion concentration was observed. Similar
experiments were conducted at different pH’s from 2 to 7 to inves-
tigate the effect on adsorption capacity. For selectivity studies,
both 0.1 g Cu(II)-imprinted polymer beads and 0.1 g of commercial
ion exchange resins were dissolved separately in 100 mL mixture
solutions composed of Cu2+, Zn2+, and Ni2+, 10 ppm each. The des-
orption kinetics test of Cu(II)-imprinted polymer beads was carried
out using 500 mL of 1 M HNO3 solution as a desorption medium.
The content of Cu2+ ions desorbed from Cu(II) occupied polymer
particles was determined measuring the Cu2+ concentration in the
desorption medium using AAS at each time.

2.5. Column separation analysis

The Cu(II)-imprinted polymer beads, 2.0 g, were packed into the
column (Alltech, Threaded SS, 4.6 mm id × 250 mm height) using a
column packer (Alltech, model 1666, USA) for column separation
analysis. DI water was passed through the packed column with a
volume five times that of the column. After the washing process
with DI water, a metal ion mixture composed of Cu2+, Zn2+, and
Ni2+, each at 10 ppm, was passed through the column at a flow rate
of 2 mL/min. The outlet solution from the column was periodically
collected to measure the concentration of each metal ion by AAS.
The column separation experiment was conducted at pH 6.2.

3. Results and discussion

3.1. Synthesis of Cu2+-imprinted polymer beads

In this polymer synthesis, the metal-bound monomer was
not necessarily pre-synthesized. Instead, two types of monomers,
methacrylic acid and 4-vinyl pyridine, were used. In order to pro-
vide strong imprinting sites, the solid binding of the template ion
to the monomer ligand is a prerequisite. An ionic complex can be
established between the cationic copper ion and anionic carboxylic
acid ligand in methacrylic acid via ionic interactions, but its strength
is actually insufficient as the dissociation of the carboxylic acid
is not favored in water. Although 4-vinyl pyridine itself possibly
forms the coordination complexes with copper ions, its presence
promotes the complex formation between the carboxylic acid and
copper ion by acting as a base and aiding in the dissociation of the
carboxylic groups through proton abstraction, as depicted in Fig. 1.
The synthesis of the imprinted polymer performed by such a single
step reaction simplifies its production process and provides superb
imprinting capabilities.

The synthesis of Cu2+-imprinted polymer beads was assured
from the FTIR spectra measured for the polymers before and after

extraction of the template ion. As shown in Fig. 2, the charac-
teristic IR band arising from Cu–O bonding at 1610 cm−1 was
clearly observed for the polymers before removal of the Cu ions,
but no band at this position was observed for those Cu-imprinted
(removed) [21]. The IR spectrum of the Cu-imprinted (removed)
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ig. 1. Schematic representation of the complex formation between the copper ion
nd functional monomers.

olymer was the same as that of the non-imprinted polymer. The
haracteristic band of pyridine ring was observed at 1638 cm−1.

The size and shape of copper-imprinted polymer particles mea-
ured by SEM are shown in Fig. 3. The beads were near 250 �m and
pherical in shape. The pores in the beads facilitated the diffusion
f the metal ions, owing to a high internal surface area, enhancing
he adsorption property capacities of MIP.

The surface area, total pore volume, and pore width were deter-
ined for the copper-imprinted polymer, along with the three

ommercial resins. As shown in Table 1, the copper-imprinted
olymer possessed a larger surface area (60.5 m2/g) than the com-
ercial resins, indicating its highly porous structure. The total

ore volume of the copper-imprinted polymer was 0.14 cm3/g, also
uch higher than the commercial resins. The average pore width

f the Cu2+-imprinted polymer, however, is in-between two of the
ommercial resins (weak acid resin and chelating resin).

.2. Batch separation characteristics

Fig. 4 shows the pH dependence of adsorption capacity of the
u2+-imprinted polymer beads. Adsorption capacity, Q is defined

y Eq. (1):

= The total amount of adsorbed metal ions
The used mass of the imprinted beads

(1)

ig. 2. FTIR spectra of non-MIIP, Cu(II)-removed MIIP and Cu(II)-containing MIIP,
espectively.
Fig. 3. SEM images of (a) exterior and (b) interior of Cu(II)-MIIP, respectively.

A decrease in pH results in the reduction of the adsorption capac-

ity because the copper-imprinted sites of the polymer are occupied
by protons rather than copper ions in an acidic environment. The
maximum adsorption capacity was observed around pH 6.5, with-
out further increase.

Fig. 4. Effect of pH on the adsorption capacity of Cu(II)-MIIP particles. Initial con-
centration of metal solution was 10 ppm.
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Table 1
Surface area, total pore volume, pore size width, and selectivity coefficients of Cu(II)-MIIP and commercialized ion exchange resins.

BET measurement Selectivity coefficient

BET surface area (m2/g) Total pore volume (cm3/g) Average pore width (nm) ˛(DCu/DNi) ˛(DCu/DZn)

9.16 43.48 42.38
N/D 1.06 1.04

0138 2.07 4.85 3.35
7 21.4 1.08 1.11

e
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m

i
Z
b
o
t
e
a
a
f
p

F
(

Cu(II)-MIIP 60.5 0.14
Strong acid resin (Lewatit monoplus S100) 0.013 N/D
Weak acid resin (Lewatit CNP 80) 1.57 0.00
Chelating resin (Lewatit TP207) 8.58 0.04

The effect of particle size on the adsorption capacity was also
xamined. The amount of copper adsorption at equilibrium slightly
ncreased with decreasing particle size because the surface area
ncreased with decreasing particle size. Larger surface areas provide

ore binding sites for surrounding metal ions.
In Fig. 5(a) and (b), the adsorption kinetics of the copper-

mprinted and non-imprinted polymer beads are shown for Cu2+,
n2+, and Ni2+, respectively. For the copper-imprinted polymer
eads, copper ions are adsorbed on polymer beads much faster than
ther metal ions, and their adsorption capacity is also much higher
han other metal ions. For the non-imprinted polymer beads, how-
ver, no selective separation behavior for template ion is observed,

s all metal ions involved are absorbed on polymer beads to the
lmost same degrees. From this observation, higher selective and
aster adsorption behavior of the imprinted polymer for the tem-
late metal ion is expected.

ig. 5. Adsorption kinetics of Cu(II), Zn(II), and Ni(II) ions on the (a) Cu(II)-MIIP and
b) non-MIIP particles.
Fig. 6. Desorption kinetics of Cu(II) metal ion from Cu(II)-MIIP particles.

Fig. 6 shows the desorption kinetics of copper-imprinted poly-
mer beads for the copper ion. The desorption percentage reached
almost 100% after 60 min at equilibrium. As the copper ions can be
completely removed from the polymer particles by desorption pro-
cess in relatively short time, those can be used repeatedly without
significant loss of adsorption capacity. The desorption ratio, Q′ is
defined by Eq. (2):

Q ′ = The desorbed amount of metal ions
The adsorbed amount of metal ions in the imprinted beads

(2)
Fig. 7 shows the feed concentration effect on the adsorption
capacity for the copper ion. The adsorption capacity increases with
feed copper ion concentration in a linear fashion until equilibrium,

Fig. 7. Effect of initial concentration of copper ion on the adsorption capacity of
Cu(II)-MIIP particles at pH 6.2.
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ig. 8. Comparison of adsorption capacity between MIIP and commercial ion
xchange resins: SR (strong acid resin), WR (weak acid resin), and CR (chelating
esin) for Cu(II), Ni(II), and Zn(II) ions.

here no further copper ions are adsorbed onto the polymer beads
s all binding sites have become saturated. From this equilibrium
dsorption behavior, it is recognized that the maximum capacity of
he present copper-imprinted polymer beads is 235 �mol/g poly-

er.
Fig. 8 shows the adsorption properties of MIIP and commercial

esins for comparison. The chelating resin has the highest adsorp-
ion capacity for all metal ions. The adsorption capacity of MIP for
he copper ion is a slightly lower than those of commercial poly-

ers, however, the difference between it and other metal ions such
s Ni(II) and Zn(II) is significant. While little of the Ni(II) and Zn(II)
ons are adsorbed onto the copper-imprinted resins, large amounts
f Ni(II) and Zn(II) are still adsorbed on the commercial resins, indi-
ating that the Cu(II)-MIIP has a much stronger affinity for Cu2+ than
ther metal ions.

The adsorption behavior of MIIP was analyzed according to
dsorption isotherms. The most widely used isotherm equation in
odeling adsorption behavior is the Langmuir equation. Assum-

ng that the entire binding site can only adsorb one molecule and
e energetically equivalent, and that there is no interaction among
dsorbed molecules, the Langmuir adsorption equation [5] is given
y Eq. (3):

= QmaxbCe

1 + bCe
(3)

where Q is the adsorbed metal ion quantity per unit weight of
IIP at equilibrium (�mol/g), Ce the un-adsorbed Cu(II) ion concen-

ration in solution at equilibrium (�mol/L), b the Langmuir constant
g/�mol), and Qmax the maximum adsorption capacity (�mol/g),
espectively.

All parameters in the Langmuir equation were estimated from
xperimental data. The values of Qmax and b were determined from
he intercept and slope of the Langmuir plot [24]. The maximum
dsorption capacity (Qmax) of MIIP was founded to be 254 �mol/g,
ery similar to the experimental polymer, 235 �mol/g. The Lang-
uir adsorption model can be applied to this system at a correlation

oefficient (R2) of 0.9654.

.3. Column separation analysis
Fig. 9 shows the selective adsorption behavior of the copper-
mprinted polymer when the Cu(II), Ni(II), and Zn(II) ion mixture

as fed into the column. For zinc and nickel ion adsorption, the
utlet concentration abruptly increased to equilibrium (the same
Fig. 9. The column adsorption behavior of Cu(II)-MIIP particles for Cu(II), Ni(II), and
Zn(II) ions at pH 6.2. Feed flow rate was 2 mL/min.

as feed concentration) within 10 min after injection. The copper
adsorption behavior of Cu(II)-MIIP was, however, quite different
from other metal ions. The outlet concentration increased after
40 min and reached 70% of the initial concentration after 60 min,
followed by a slight increase to equilibrium, indicating a pref-
erential binding property of Cu(II)-imprinted polymers for Cu(II)
ions. As the binding capacity decreases when numerous imprint-
ing sites have been occupied by Cu(II) ions, a slow adsorption is
observed from about 60 min. The adsorption quantity of Cu(II)-MIIP
was determined by integrating the curve showing the relation-
ship between adsorption quantity (�mol/mL) and effluent volume
(mL). The adsorption quantity of Cu(II)-MIIP was found to be
17.50 �mol/g, up to an effluent volume of 480 mL.

The selectivity coefficient for a copper ion in the presence of
other ion species was determined from Eq. (4):

˛ = DCu

DM
(4)

D = CA − CB

CA
× v

m
(5)

Here, v is the volume of the solution (mL) and m the mass of the
polymer (g), with CA and CB the initial and final concentrations of
the metal ions (mg/L), respectively. DCu and DM represent the dis-
tribution ratios of Cu2+ and one of the other metal ions, respectively
[21].

Table 1 shows the resulting selectivity of copper-imprinted
polymer beads for copper, zinc, and nickel ions, respectively. The
selectivity coefficient for copper ion is 42.48 times higher than Zn,
and 43.48 times that of Ni, respectively, with the present imprinted
polymers having a copper selectivity at least 10 times higher than
those from commercial sources.

4. Conclusions

Copper (II) ion-imprinted porous polymer micro-particles with
an average diameter of 250 �m were prepared using two func-
tional monomers, MAA and VP. The surface area of the particles was
enlarged via pore formation (BET 60 m2/g) using a toluene poro-
genic agent. The adsorption properties of the Cu(II)-MIIP showed

2+
a high affinity for Cu over NI(II) and Zn(II) ions through batch
and column analysis. The adsorption capacity of the prepared
MIIP was slightly lower than those from commercial sources,
but the selective separation capability for the template Cu(II) ion
was much higher than those from commercial sources. From this
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quilibrium adsorption behavior, the maximum capacity of the
opper-imprinted polymer beads was 235 �mol/g polymer. The
electivity coefficient for the copper ion was 42.48 times that of Zn,
nd 43.48 times that of Ni, respectively, with the present imprinted
olymers having a copper selectivity at least 10 times higher than
hose from commercial sources.
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