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Molecular recognition based cadmium removal from human plasma
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Abstract

Molecularly imprinted polymers (MIPs) are easy to prepare, stable, inexpensive and capable of molecular recognition. MIPs can be
considered as affinity separation media. Cadmium is a carcinogenic and mutagenic element. There is no specific treatment available for acute or
chronic metal poisoning. Besides supportive therapy and hemodialysis, metal poisoning is often treated with commercially available chelating
agents including EDTA and dimercaprol. However, there is histopathological evidence for increased toxicity in animals when these agents
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re utilized. The aim of this study is to prepare ion-imprinted polymers, which can be used for the selective removal of Cdions from Cd -
verdosed human plasma.N-Methacryloly-(l)-cysteinemethylester (MAC) was chosen as the complexing monomer. In the first step, C2+ was
omplexed with MAC and the Cd2+-imprinted p(HEMA-MAC) beads were synthesized by suspension polymerization. After that, the te
i.e., Cd2+ ions) were removed using 0.1 M thiourea solution. The specific surface area of the Cd2+-imprinted poly(HEMA-MAC) beads wa
ound to be 19.4 m2/g with a size range of 63–140�m in diameter and the swelling ratio was 78%. According to the elemental analysis r
he beads contained 42.1�mol MAC/g polymer. The maximum adsorption capacity was 32.5�mol Cd2+/g beads. The relative selectiv
oefficients of imprinted beads for Cd2+/Pb2+ and Cd2+/Zn2+ were 7.8 and 1683 times greater than non-imprinted matrix, respectivel
d2+-imprinted poly(HEMA-MAC) beads could be used many times without decreasing their adsorption capacities significantly.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Molecular imprinting is a technology to create recognition
ites in a macromolecular matrix using a molecular template
1]. In other words, both the shape image of the target and
lignment of the functional moieties to interact with those

n the target, are memorized in the macromolecular matrix
or the recognition or separation of the target during forma-
ion of the polymeric materials themselves[2]. Molecularly
mprinted polymers (MIPs) are easy to prepare, stable, in-
xpensive and capable of molecular recognition. Therefore,
IPs can be considered as artificial affinity media. Molecular

ecognition-based separation techniques have received much
ttention in various fields because of their high selectivity for

arget molecules. Three steps are involved in ion-imprinting

∗ Corresponding author. Tel.: +90 312 2992163; fax: +90 312 2992163.
E-mail address:denizli@hacettepe.edu.tr (A. Denizli).

process: (i) complexation of template (i.e., metal ions
a polymerizable ligand, (ii) polymerization of this compl
and (iii) removal of template after polymerization. In the i
imprinting process, the selectivity of a polymeric adsorbe
based on the specificity of the ligand, on the coordination
ometry and coordination number of the ions, on their cha
and sizes[3–8]. Numerous studies describing such meth
ology were carried out in order to adsorb metal ions[9–13]
but no studies concerning metal removal from human pla
using ion-imprinting materials were reported in the literat

Cadmium is a toxic transition heavy metal of continu
occupational and environmental concern with a wide va
of adverse effects[14]. Cadmium has an extremely long b
logical half-life that essentially makes it a cumulative to
The chronic toxicity of cadmium compounds includes kid
damage with proteinuria of low-molecular-weight molecu
An epidemic of Japanese itai-itai disease also believed
the result of chronic ingestion of Cd(II) (via environmen

570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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pollution), with altered renal tubular function, impaired regu-
lation of calcium and phosphorus, manifesting bone deminer-
alization, osteomalacia, and pathological fractures[15,16].
There are several sources of human exposure to cadmium,
including employment in primary metal industries and con-
sumption of tobacco products. The average blood level of
cadmium in adults without excessive or occupational expo-
sure is about 10 mg/L, as is the amount excreted in the urine
in the adult population. Blood and/or urinary cadmium ex-
cretions exceeding 50 mg/L, generally indicate excessive ex-
posure[17]. To date there are no proven effective treatments
for chronic cadmium intoxication. Besides supportive ther-
apy and hemodialysis, metal poisoning is often treated with
a chelating agent. Different chelating agents that are avail-
able commercially for the treatment of cadmium poisoning
are British anti-lewisite and calcium disodium EDTA. These
chelation agents are contraindicated for cadmium as the large
concentration of cadmium brought to the kidneys may cause
damage. There is histopathological evidence for increased
toxicity in animals when calcium disodium EDTA is utilized
[15,16]. Recently, one of the most promising technique for
blood detoxification is extracorporeal affinity adsorption. So
far, only a few affinity adsorbents were reported for metal
detoxification[18–20].

In this study, ion-imprinted polymer beads were used for
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til use. Benzoyl peroxide (BPO) was obtained from Fluka
(Switzerland). Poly(vinyl alcohol) (PVAL; MW: 100,000,
98% hydrolyzed) was supplied from Aldrich Chem. Co.
(USA). All other chemicals were of reagent grade and were
purchased from Merck AG (Darmstadt, Germany). All water
used in the adsorption experiments was purified using a Barn-
stead (Dubuque, IA) ROpure LP® reverse osmosis unit with
a high flow cellulose acetate membrane (Barnstead D2731)
followed by a Barnstead D3804 NANOpure® organic/colloid
removal and ion exchange packed-bed system.

2.2. Synthesis of
N-methacryloly-(l)-cysteinemethylester

Details of the preparation and characterization of theN-
methacryloly-(l)-cysteinemethylester (MAC) was reported
elsewhere[25]. Briefly, the following experimental proce-
dure was applied for the synthesis of MAC monomer: 5.0 g
of cysteine and 0.2 g of NaNO2 were dissolved in 30 ml of
K2CO3 aqueous solution (5%, v/v). This solution was cooled
to 0◦C. Four milliliters of methacryloyl chloride was poured
slowly into this solution under nitrogen atmosphere and then
this solution was stirred magnetically at room temperature
for 2 h. At the end of this period, the pH of this solution was
adjusted to 7.0 and then was extracted with ethylacetate. The
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he selective separation of Cd ions from human plasm
-Methacryloly-(l)-cysteinemethylester (MAC) was us
s the metal complexing monomer. Usually, molecul

mprinted polymers are prepared by the bulk polymer
ion method. The disadvantage of this method is tha
btained block polymer should be crushed, ground
ieved to produce packing materials. In this study, C2+-

mprinted poly(hydroxyethyl methacrylate-N-methacryloly-
l)-cysteinemethylester) beads were produced by su
ion polymerization. Poly(2-hydroxyethyl methacryla
PHEMA) was selected as the basic matrix by cons
ng properties which make it useful for possible extra
oreal therapy, including hydrophilic character, good blo
ompatibility, minimal non-specific protein interactions, h
hemical and mechanical stability and resistance towar
robial and enzymatic attacks[21–24]. After removal o
d2+ ions, ion-imprinted beads were used for the sep

ion of cadmium from human plasma. Cd2+ adsorption an
electivity studies of cadmium versus other metal ions, w
re Zn2+ and Pb2+ are reported here. Finally, repeated
f the ion-imprinted beads is also discussed.

. Experimental

.1. Materials

Hydroxyethyl methacrylate (HEMA) and ethylene gly
imethacrylate (EGDMA) were obtained from Fluka A
Buchs, Switzerland), distilled under reduced pressure i
resence of hydroquinone inhibitor and stored at 4◦C un-
queous phase was evaporated in a rotary evaporato
esidue (i.e., MAC) was crystallized in ethanol and ethy
tate.

.3. Preparation of Cd2+–MAC complex

In order to prepare MAC–Cd2+ complex, solidN-meth-
cryloly-(l)-cysteinemethylester (MAC) (0.378 g, 2.0 mm
as added slowly into 15 ml of ethanol–water mixture (50
/v) and then treated with cadmium nitrate (Cd(NO3)2·4H2O)
0.163 g, 1.0 mmol) at room temperature with continuous
ing for 3 h. Then, the formed metal–monomer complex
ltered, washed with 99% ethanol (250 ml), and dried
acuum oven.

.4. Preparation of Cd2+-imprinted poly(HEMA-MAC)
eads

Suspension polymerization method was used for
reparation of spherical poly(HEMA-MAC) beads. A ty

cal preparation procedure is described below. Contin
edium was prepared by dissolving poly(vinyl alcoh

200 mg) in the deionized water (50 ml). For the prep
ion of dispersed phase, HEMA (4.0 ml), Cd2+–MAC com-
lex (500 mg), EGDMA (8.0 ml) and toluene (12 ml) we
ixed and benzoyl peroxide (60 mg) was dissolved in
omogeneous organic phase. The organic phase wa
ersed in the aqueous medium by stirring the mixture m
etically (600 rpm), in a sealed pyrex polymerization
ctor (volume: 250 ml). The reactor content was heate
olymerization temperature (i.e., 65◦C) and the polyme
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ization was conducted for 4 h with a 600 rpm stirring rate
at 65◦C. Then, temperature was increased to 90◦C and the
polymerization was conducted for 2 h. Final beads were ex-
tensively washed with ethanol and water to remove any un-
reacted monomer or diluent and then stored in distilled water
at 4◦C. Non-imprinted poly(HEMA-MAC) beads were pre-
pared in the same way, but without addition of MAC–Cd2+
complex.

After the cleaning procedure, the template (i.e., Cd2+
ions) was removed from the polymer beads using 0.1 M
acidic thiourea. The imprinted beads were added into the
0.1 M acidic thiourea solution for 48 h at room temperature.
This procedure was repeated several times until the template
molecule (i.e., Cd2+ ions) could not be detected in the filtrate
with a graphite furnace atomic absorption spectrophotometer.
The template free polymers were cleaned with 0.1 M HNO3 in
a magnetic stirrer for 3 h. Then the beads were filled in a fixed-
bed column, and washing solutions (i.e., a dilute HCl solu-
tion, and a water–ethanol mixture) were recirculated through
the system, which includes also an activated carbon column,
until the beads are clean. Purity of the beads was followed
by observing the change of optical densities of the samples
(wavelength: 220–280 nm) taken from the liquid phase in the
recirculation system, and also from the DSC thermograms of
the beads obtained by using a differential scanning calorime-
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a SEM sample mount and was sputter coated for 2 min. The
sample was then mounted in a scanning electron microscope
(Model: Raster Electron Microscopy, Leitz-AMR-1000, Ger-
many). The surface of the sample was then scanned at the
desired magnification to study the morphology of the beads.
To evaluate the degree of MAC incorporation, the beads were
subjected to elemental analysis using a Leco Elemental An-
alyzer (Model CHNS-932). FTIR spectra of MAC and the
imprinted beads were obtained by using a FTIR spectropho-
tometer (FTIR 8000 Series, Shimadzu, Japan). The beads
(about 0.1 g) were thoroughly mixed with KBr (0.1 g, IR
Grade, Merck, Germany), and pressed into a pellet and FTIR
spectrum was then recorded.

2.6. Adsorption of Cd2+ ions from human plasma

The batchwise adsorption tests of Cd2+ ions from hu-
man plasma were studied for the imprinted and non-imprinted
polymer beads. Fresh human plasma was used in all exper-
iments and obtained from a healthy donor. Blood samples
were centrifuged at 500× g for 30 min at room temperature.
Nitrate salt was used as the source of Cd2+ ions. After the pre-
determined adsorption time, 10 ml of the plasma freshly sep-
arated from the human blood was spiked with 2 ml of Cd2+
solution containing different amounts of Cd2+ to obtain dif-
f iked
h eads
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er microcalorimeter (Mettler, Switzerland). Heating rate
0◦C/min. Optical density of the uncleaned beads was
ut after cleaning operation this value was reduced to 0

n addition, when the thermogram of uncleaned beads
ecorded, it has a peak around 60◦C. This peak might orig
nate from benzoyl peroxide (it gives radicals at 60◦C). Af-
er application of this cleaning procedure, no peak betw
0 and 100◦C was observed on this thermogram. When

n use, the resulting beads were kept under refrigeratio
.02% NaN3 solution for preventing of microbial contam
ation.

.5. Characterization of beads

The average size and size distribution of the beads
etermined by screen analysis performed using Standar
ieves (Retsch GmbH & Co., Germany). The specific su
rea of the beads was determined in BET apparatus. W
ptake ratios of the beads were determined in distilled w
he experiment was conducted as follows: initially dry be
ere carefully weighed before being placed in a 50 ml
ontaining distilled water. The vial was put into an isother
ater bath at a fixed temperature (25◦C) for 2 h. The bea
ample was taken out from the water, wiped using a
aper, and weighed. The weight ratio of dry and wet s
les was recorded. The water content of the non-impr
nd the imprinted beads were calculated using the we
f beads before and after uptake of water. The beads
xamined using scanning electron microscopy (SEM).
amples were initially dried in air at 25◦C for 7 days befor
eing analyzed. A fragment of the dried bead was mounte
t

erent cadmium concentrations. Then, the cadmium-sp
uman plasma was incubated with a 100 mg of the b
t 20◦C for 3 h. The concentration of the Cd2+ ions in the
queous phase, after the desired treatment periods was
ured using a graphite furnace atomic absorption spectro
ometer (GFAAS, Analyst 800/Perkin Elmer, USA). D
erium background correction was used and the spectr
idth was 0.7 nm. A hollow cathode cadmium lamp was u
he working current/wavelength were 8.0 mA/228.8 nm.

nstrument response was periodically checked with kn
d2+ solution standards. The experiments were perfor

n replicates of three and the samples were analyzed in
ates of three as well. For each set of data present,
ard statistical methods were used to determine the
alues and standard deviations. Confidence intervals of
ere calculated for each set of samples in order to d
ine the margin of error. The amount of Cd2+ adsorption
er unit mass of the beads was evaluated by using the
alance.

.7. Selectivity experiments

In order to show Cd2+ specificity of the imprinted bead
ompetitive adsorptions of Pb2+ and Zn2+ were also stud
ed. Ten milliliters of fresh human plasma was spiked w
ml of 40 mg/L lead and zinc ions by the same proced
he Cd2+-imprinted poly(HEMA-MAC) beads (total mas
00 mg) were treated with these competitive ions. After
orption equilibrium was reached, the concentration of P2+
nd Zn2+ ions in the remaining solution was measured
FAAS.
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Distribution and selectivity coefficients of Pb2+ and Zn2+
with respect to Cd2+ were calculated byEq. (1)

Kd =
(

Ci − Cf

Cf

)
V

m
(1)

whereKd represents the distribution coefficient (ml/g);Ci
and Cf are initial and final concentrations of metal ions
(�mol/ml), respectively.V is the volume of the solution (ml)
andm is the mass of beads (g).

The selectivity coefficient for the binding of a metal ion
in the presence of competitor species can be obtained from
equilibrium binding data according toEq. (2) [26].

k = Ktemplate metal

Kinterferent metal
(2)

A comparison of thek values of the imprinted beads with
those metal ions allows an estimation of the effect of imprint-
ing on selectivity. A relative selectivity coefficientk′ can be
defined as

k′ = kimprinted

kcontrol
(3)

Blood protein adsorption (i.e., albumin, fibrinogen, and
g-globulin) was also monitored. The ion-imprinted beads
were incubated with a human plasma containing albu-
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washed with 50 mM NaOH solution after each desorption
procedure.

3. Results and discussion

3.1. Characterization of Cd2+-imprinted beads

Cross-linked imprinted and non-imprinted beads were
spherical in shape with a size range of 63–140�m in diame-
ter. The specific surface areas were found to be 18.9 m2/g for
non-imprinted and 19.4 m2/g for imprinted. The equilibrium
swelling ratios of the non-imprinted and imprinted beads are
65% and 78%, respectively. Compared with poly(HEMA-
MAC), the water uptake ratio of the Cd2+-imprinted beads
increased. Formation of metal ion-imprinted cavities in the
polymer structure introduced more hydrodynamic volume
into the polymer chains, which can result uptake in the more
water molecules by polymer matrix.

The surface morphology and internal structure of Cd2+-
imprinted poly(HEMA-MAC) beads are exemplified by the
electron micrographs inFig. 1. As clearly seen here, the poly-
meric beads have a spherical form and rough surface due
to the pores which formed during the polymerization proce-
dure. The photograph inFig. 1B was taken with broken beads
t The
p n in
t
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r .

be
4 ote
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a n of
C as
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t tion
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s
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o

A
c The
F
b f hy-
d l
in (38.7 mg/ml), fibrinogen (2.2 mg/ml) and g-globu
16.1 mg/ml) at room temperature for 2 h. Total protein c
entration was measured by using the total protein rea
Ciba Corning Diagnostics Ltd, Halstead, Essex, Engl
atalog Ref. No: 712076) at 540 nm which is based on
iuret reaction[27]. Chronometric determination of fibrin
en according to the Clauss method on plasma was

ormed by using Fibrinogene-Kit (Ref. No: 68452 and 685
ioMerieux Laboratory Reagents and Instruments, Ma

’Etoile, France)[28]. Human serum albumin concentrat
as determined by using Ciba Corning Albumin Reag

Ciba Corning Diagnostics Ltd, Halstead, Essex, Engl
atalog Ref. No: 229241) which based on bromocresol g

BCG) dye method[27]. g-Globulin concentration was d
ermined from the difference.

.8. Desorption and repeated use

Desorption of Cd2+ ions was performed using 0.1
cidic thiourea solution (pH 4.5). The Cd2+-imprinted
oly(HEMA-MAC) beads were placed in this desorpt
edium and stirred continuously (at a stirring rate
00 rpm) for 1 h at room temperature. The final Cd2+ ions
oncentration in the desorption medium was measure
FAAS. The desorption ratio was calculated from the am
f Cd2+ ions adsorbed on the imprinted beads and the
d2+ ions concentration in the desorption medium. In o

o test the reusability of the Cd2+-imprinted poly(HEMA-
AC) beads, the Cd2+ ion adsorption–desorption cycle w

epeated five times using the same imprinted beads. I
er to regenerate and sterilize the imprinted beads they
o observe the internal part of the polymeric structure.
resence of pores within the bead interior is clearly see

his photograph. These images show that the Cd2+-imprinted
oly(HEMA-MAC) beads have a microporous interior s
ounded by a reasonably rough surface, in the dry state

The incorporation of the MAC was found to
2.1�mol/g polymer by using nitrogen stoichiometry. N

hat HEMA and other polymerization ingredients do
ontain nitrogen. This nitrogen amount determined
lemental analysis comes from only incorporated M
roups into the polymeric structure.N-Methacryloly-(l)-
ysteinemethylester (MAC) was selected as the comon
nd ion-imprinted monomer for the selective separatio
d2+ ions from human plasma. In the first step, MAC w
ynthesized from cysteine and methacryloyl chloride
omplexed with Cd2+ ions. The molecular formula of sy
hesized MAC comonomer and MAC–Cd2+ complex are
hown inFig. 2. FTIR spectrum of MAC has the chara
eristic stretching vibration amide I and amide II absorp
ands at 1651 and 1558 cm−1, carbonyl band at 1724 cm−1.
or the characteristic determination of complex, due to
ar coordinate covalent complex formation, the characte
trong S H stretching vibration bands at 1130 and 970 cm−1

lips to the higher frequency field at 950 and 750 cm−1, as a
esult of decreasing the electron density of sulfhydryl gr
f MAC monomer.

Then, MAC–Cd2+ complex was polymerized with HEM
omonomer by suspension polymerization technique.
TIR spectrum of Cd2+-imprinted poly(HEMA-MAC)
eads has the characteristic stretching vibration band o
rogen bonded alcohol, OH, around 3586 cm−1, carbony
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Fig. 1. SEM photographs of Cd2+-imprinted poly(HEMA-MAC) beads: (A)
surface and (B) internal structure.

at 1645 cm−1 amide II absorption bands at 1516 cm−1, re-
spectively.

3.2. Adsorption of Cd2+ from human plasma

3.2.1. Effect of time
Fig. 3shows the time dependence of the adsorption values

of Cd2+ ions on Cd2+ imprinted poly(HEMA-MAC) beads.

Fig. 2. Molecular formula of MAC and MAC–Cd2+ complex monomer.

Fig. 3. Effect of time on Cd2+ adsorption; Cd2+ concentration: 40 mg/L.

As seen here, cadmium adsorption increases with the time
during the first 60 min and then levels off as equilibrium is
reached. This fast adsorption equilibrium is most probably
due to high complexation and geometric shape affinity (or
memory) between Cd2+ ions and Cd2+ cavities in the beads
structure. The maximum adsorption capacity for Cd2+ ions
was 32.5�mol/g dry weight of imprinted beads.

3.2.2. Effect of Cd2+ ions concentration
Fig. 4 shows the dependence of the equilibrium concen-

tration on the adsorbed amount of the Cd2+ onto the Cd2+-
imprinted poly(HEMA-MAC) beads. The adsorption values
increased with increasing concentration of Cd2+ ions, and a
saturation value is achieved at cadmium ion concentration of
40 mg/L, which represents saturation of the active binding
cavities on the Cd2+-imprinted poly(HEMA-MAC) beads.
Maximum adsorption capacity was 32.5�mol/g.

An adsorption isotherm is used to characterize the inter-
actions of each molecule with the adsorbents. This provides
a relationship between the concentration of the molecules
in the solution and the amount of ion adsorbed on the solid

F .
ig. 4. Adsorption isotherm of Cd2+-imprinted poly(HEMA-MAC) beads
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Fig. 5. Langmuir adsorption isotherm of Cd2+-imprinted poly(HEMA-
MAC) beads; Cd2+ concentration: 40 mg/L.

phase when the two phases are at equilibrium. The Langmuir
adsorption model assumes that the molecules are adsorbed at
a fixed number of well-defined sites, each of which is capable
of holding only one molecule. These sites are also assumed
to be energetically equivalent, and distant from each other so
that there are no interactions between molecules adsorbed on
adjacent sites.

During the batch experiments, adsorption isotherms were
used to evaluate adsorption properties. For the systems con-
sidered, the Langmuir model was found to be applicable in
interpreting cadmium adsorption by imprinted beads. The
Langmuir adsorption isotherm is expressed byEq. (5). Lang-
muir adsorption model assumes that the molecules are ad-
sorbed at a fixed number of well-defined sites, each of which
can only hold one molecule. These sites are also assumed to
be energetically equivalent, and distant to each other so that
there are no interactions between molecules adsorbed to ad-
jacent sites[29]. The corresponding transformations of the

F d
i

equilibrium data for Cd2+ ions gave rise to a linear plot, in-
dicating that the Langmuir model could be applied in these
systems and described by the equation

Q = Qmaxb
Ce

1 + bCe
(4)

whereQ is the concentration of bound Cd2+ ions in the adsor-
bent (�mol/g),Ce is the equilibrium Cd2+ ions concentration
in solution (�mol/L), b is the Langmuir constant (g/�mol)
and,Qmax is the adsorption capacity (�mol/g). This equation
can be linearized.

1

Q
=

(
1

Qmaxb

) (
1

Ce

)
+

(
1

Qmax

)
(5)

The plot of 1/Ce versus 1/Q was employed to generate the
intercept of 1/Qmax and the slope of 1/Qmaxb (Fig. 5).

The maximum adsorption capacity (Qmax) data for the
adsorption of Cd2+ ions was obtained from the experimental
data. The correlation coefficients (R2) was 0.9965 at pH 7.4.
The Langmuir adsorption model can be applied in this affinity
adsorbent system. It should be also noted that the maximum
adsorption capacity (Qmax) and the Langmuir constant were
found to be 34.3�mol/g (pH 7.4) and 1.28× 10−2 g/�mol,
respectively.

In order to examine the controlling mechanism of adsorp-
t ction,
k e ki-
n ) can
b entra-
t first-
o dely
u

and
t
p
p per-
i Re-
s was
d

t
t 0.90.
T e

T
K

I

E

F

S

ig. 6. Pseudo-first-order kinetic of the experimental data for the C2+-
mprinted poly(HEMA-MAC) beads.
ion process such as mass transfer and chemical rea
inetic models were used to test experimental data. Th
etic models (Pseudo-first- and second-order equations
e used in this case assuming that the measured conc

ions are equal to adsorbent surface concentrations. The
rder rate equation of Lagergren is one of the most wi
sed for the adsorption of solute from a liquid solution[30].

A comparison of the experimental adsorption capacity
he theoretical values which obtained fromFigs. 6 and 7are
resented inTable 1. The theoreticalqe value estimated from
seudo-first-order kinetic model was very close to the ex

mental value and the correlation coefficient was high.
ults indicate that this ion-imprinted adsorbent system
escribed by the first-order kinetic model.

The correlation coefficient for the linear plot oft/qt agains
for the pseudo-second-order equation was lower than
he theoreticalqe value was slightly more different from th

able 1
inetic constants for the Cd2+-imprinted poly(HEMA-MAC) beads

nitial concentration (mg/L) 40

xperimental
qe (�mol/g) 30.1± 0.28
k1 (l/min) 0.093± 0.007

irst-order kinetic
qe (�mol/g) 33.3± 0.30
R2 0.96

econd-order kinetic
qe (�mol/g) 34.6± 0.35
k2 (g/�mol min) 2.4× 103 ± 95
R2 0.89
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Table 2
Kd, andk, values of Pb2+ and Zn2+ with respect to Cd2+

Metal ion∗ Non-imprinted beads Imprinted beads k′
Kd k Kd k

Cd2+ 4.00± 0.18 – 0.25± 0.01 –
Pb2+ 4.48± 0.22 0.89± 0.06 3.6× 10−2 ± 5 × 10−3 6.94±0.15 7.8± 0.22
Zn2+ 8.52± 0.29 0.45± 0.04 3.3× 10−4 ± 1 × 10−5 757.6±5.6 1683.5± 9.78

∗ Metal ion concentration: 40 mg/L for all metal ions.

experimental value. These values showed that this adsorbent
system was not so well described by the pseudo-second-order
kinetic model.

3.2.3. Selectivity experiments
Competitive adsorption of Pb2+/Cd2+ and Zn2+/Cd2+

from their mixtures were also studied in a batch system.
Pb2+ and Zn2+ were chosen as competitive metal ions. The
ionic radius of Pb2+ is larger (120 pm) and the ionic radius
of Zn2+ is smaller (88 pm) than Cd2+ ions (114 pm).Table 2
summarizesKd, k, andk′ values of Pb2+ and Zn2+ with re-
spect to Cd2+. A comparison of theKd values for the Cd2+
imprinted poly(HEMA-MAC) samples with the control sam-
ples shows an increase inKd for Cd2+ whileKd decrease for
Pb2+ and Zn2+. The relative selectivity coefficient is an indi-
cator to express an adsorption affinity of recognition sites to
the imprinted Cd2+ ions. These results showed that the rela-
tive selectivity coefficients of imprinted beads for Cd2+/Pb2+
and Cd2+/Zn2+ were 7.8 and 1683 times greater than non-
imprinted matrix, respectively (Table 2).

In order to show the ion-imprinted beads specificity, pro-
tein adsorption was also monitored. It is worth noting that
adsorption of plasma proteins on the ion-imprinted beads
are 1.24 mg/g for albumin, 0.86 mg/g for fibrinogen, and
0.75 mg/g for�-globulin.

3
fac-

t d

F Cd
i

Fig. 8. Adsorption–desorption cycle of Cd2+-imprinted poly(HEMA-MAC)
beads. Adsorption conditions: Cd2+ concentration: 40 mg/L; incubation
time: 60 min;T: 25◦C.

ions from the Cd2+-imprinted poly(HEMA-MAC) beads was
performed in a batch experimental set-up. Various factors are
probably involved in determining rates of Cd2+ desorption,
such as the extent of hydration of the metal ions and polymer
microstructure. However, an important factor appears to be
binding strength. In this study, the desorption time was found
to be 30 min. Desorption ratios are high (up to 85%). In order
to obtain the reusability of the Cd2+-imprinted poly(HEMA-
MAC) beads, adsorption–desorption cycles were repeated
five times by using the same imprinted beads. The adsorp-
tion capacity of the recycled Cd2+-imprinted poly(HEMA-
MAC) beads can still be maintained at 90% level at the 5th
cycle (Fig. 8). It can be concluded that the Cd2+-imprinted
poly(HEMA-MAC) beads can be used many times without
decreasing their adsorption capacities significantly.

4. Conclusions

Molecularly imprinted materials have been demonstrated
to possess a very high degree of selectivity towards targeted
substances[1–13]. Up to date, molecular imprinted poly-
mers have been produced by bulk polymerization. These bulk
polymers have to be ground and sieved to obtain particles
of the desired dimensions for further use[31,32]. This pro-
c pro-
d e for
a nted
.2.4. Desorption and repeated use
The regeneration of the adsorbent is likely to be a key

or in improving process economics. Desorption of the C2+

ig. 7. Pseudo-second-order kinetic of the experimental data for the2+-
mprinted poly(HEMA-MAC) beads.
ess is not only wasteful and time consuming, but also
uces irregularly shaped particles which are unfavorabl
pplications, and therefore, spherical molecularly impri
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polymers are more desirable[33–37]. Molecularly imprinted
beads spherical in shape were prepared by suspension poly-
merization. The average size of the beads was controlled
to be between 63 and 140�m in diameter. The adsorption
was relatively fast and the time required to reach equilib-
rium conditions was about 60 min. The maximum adsorp-
tion capacity for Cd2+ ions was 32.5�mol/g dry weight of
beads. This fast adsorption equilibrium is most probably due
to high complexation and geometric affinity between Cd2+
ions and Cd2+ cavities in the beads structure. The adsorp-
tion values increased with increasing concentration of Cd2+
ions, and a saturation value is achieved at ion concentration
of 40 mg/L, which represents saturation of the active binding
cavities on the Cd2+-imprinted poly(HEMA-MAC) beads.
The relative selectivity coefficient is an indicator to express
an adsorption affinity of recognition sites to the imprinted
Cd2+ ions. The results showed that the imprinted beads for
Cd2+/Pb2+ and Cd2+/Zn2+ were 7.8 and 1683 times greater
than non-imprinted matrix, respectively. The desorption time
was found to be 30 min. The Cd2+-imprinted poly(HEMA-
MAC) beads can be used many times without decreasing their
adsorption capacities significantly.
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