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a b s t r a c t

The aim of this study is to prepare ion-imprinted polymers, which can be used for the selective
removal of Cr(VI) anions from aqueous media. 4-Vinyl pyridine (4-VP) was used as functional monomer.
The Cr(VI)-imprinted poly(4-vinyl pyridine-co-2-hydroxyethyl methacrylate), poly(VP-HEMA), particles
were prepared by bulk polymerization. The Cr(VI)-imprinted polymer particles were grained from the
bulk polymer, and the template ions (i.e., Cr(VI)) were removed using thiourea (0.5%, v/v) in 0.5 M HCl.
The Cr(VI)-imprinted polymer contained 21.4 �mol 4-VP/g polymers. The specific surface area of the
IIP2 particles was found to be 34.5 m2/g (size range of 75–150 �m), and the swelling ratio was about to
108%. The effect of initial concentration of Cr(VI) anions, the adsorption rate and the pH of the medium
on adsorption capacity of Cr(VI)-imprinting polymer were studied. The maximum experimental adsorp-
tion capacity was 3.31 mmol Cr(VI)/g polymer. Under competitive condition, the adsorption capacity
eavy metal removal of Cr(VI)-imprinted particles for Cr(VI) is 13.8 and 11.7 folds greater than that of the Cr(III) and Ni(II)
ions, respectively. The first- and second order kinetics models were estimated on the basis of compar-
ative analysis of the corresponding rate parameters, equilibrium capacity and correlation coefficients.
The Langmuir adsorption isotherm model was well described the Cr(VI)-imprinted system and the
maximum adsorption capacity (Qmax) was found to be 3.42 mmol/g. Moreover, the reusability of the
poly(VP-HEMA) particles was tested for several times and no significant loss in adsorption capacity was
observed.
. Introduction

Molecular imprinting (MIP) technology is a strategy for pro-
ucing chemically selective binding cavities on adsorbent surface,
hich recognize a particular molecule. In the process of molecular

mprinting, a molecular template (print molecule) is used to direct
he arrangement of the functional monomers around the template

olecules, which are then chemically fixed by co-polymerization
ith a cross-linking monomer [1]. The molecular imprinting tech-
ique has been widely used in the separation and purification
f various fine chemical and biological molecules [2–7]. Molecu-
ar recognition-based separation techniques have received much
ttention in environmental technology for removal of toxic heavy
etal ions, because MIP adsorbents have high selectivity to their
arget metal ions. Ion-imprinted polymers (IIP) are similar to MIP,
ut they recognize metal ions after imprinting and retain all virtues
f MIP [5,8,9]. In ion-imprinted polymer system, the selectivity
f a polymeric adsorbent is based on the coordination geome-
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try, coordination number of the ions, on their charges and sizes
[5,10,11].

Chromium has a wide range (−2 to +6, in rare cases −4 and −3
are reported) of possible oxidation states [12,13]. Two of them are
stable (i.e., trivalent Cr(III) and hexavalent Cr(VI)) in the majority
of terrestrial surface and aqueous environments [14–18]. All Cr(VI)
species are highly soluble oxides (i.e., chromate (CrO4

2−), hydro-
chromate (HCrO4

−) and dichromate (Cr2O7
2−) anions) [19–23].

Cr(VI) anions species are strong oxidants, which act as carcinogens,
mutagens and teratogens in biological systems [14,24]. The struc-
tural similarly of chromium Cr(VI) anions to biologically important
inorganic anions, such as SO4

2− and PO4
3−, is likely responsible for

their ability to readily transverse cell membranes, via the sulfate
transport system. The incorporated Cr(VI) anion into cell can be oxi-
dize biological molecules [25]. In contrast, the water-soluble Cr(III)
species do not occur naturally and are unstable in the environment.
Cr(III) exhibits solubility (around 10 �M) under very acidic (pH ≤ 5)

or very basic (14 ≥ pH) conditions [26,27]. Therefore, Cr(III) ions
have low toxicity due to their limited bio-availability and solubility.
In contrast, the high solubility and bio-availability of Cr(VI) anions
make it a particular environmental concern [28–35].

dx.doi.org/10.1016/j.jhazmat.2011.01.022
http://www.sciencedirect.com/science/journal/03043894
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To date some studies have been done on complexing of 4-vinyl
yridine with various metal ions for ion imprinting technology
1,11,36–38] however, according to our knowledge, there is no
eports about on Cr(VI) anions imprinted-polymer using 4-vinyl
yridine monomer. Herein, we aimed to prepare a Cr(VI) imprinted
o-polymer from 4-vinyl pyridine (complexing monomer) and 2-
ydroxyethyl methacrylate (co-monomer) to develop a product
ith high adsorption capacity and selectivity to Cr(VI) anions. The

dsorption studies were carried out under different experimen-
al conditions. The Langmuir isotherm model and thermodynamic
arameters were used for the evaluation of binding parameters
nd elucidation of the nature and type of bonding exist between
r(VI)-imprinted polymers and Cr(VI) anions.

. Experimental

.1. Materials

4-Vinyl pyridine (4-VP), 2-hydroxyethyl methacrylate
HEMA), ethyleneglycol dimethacrylate (EGDMA) and �-�′-
zoisobisbutyronitrile (AIBN) were obtained from Fluka AG
Switzerland), and the monomers distilled under reduced pressure
n the presence of hydroquinone and stored at 4 ◦C until use. All
ther chemicals were of analytical grade and were purchased from
erck AG (Darmstadt, Germany). The water (Milli-Q water) used

n the following experiments was obtained from a Milli-Q system
Barnstead D2731 and D3804 units, Dubuque, IA, USA).

.2. Preparation of Cr(VI)-anion imprinted polymers

4-Vinyl pyridine in water and isopropyl alcohol (1.0:1.0 ratio,
/v) solution was treated with Cr(VI) anions (1.0 M, 100 �L) solution
or 1.0 h at room temperature forming metal–monomer complex
-VP–Cr(VI). After this period, it was slowly dropped into 2-HEMA
nd EGDMA monomers mixture containing 50 mg AIBN. Two differ-
nt 4-VP:HEMA:EGDMA ratios were used for preparation of Cr(VI)
mprinted-polymers [i.e., (0.1:1.9:1.0 (IIP1) and 0.3:1.7:1.0 (IIP2)
v/v/v))], respectively. The resulting polymerization mixture was
quilibrated in a waterbath at 25 ◦C for 15 min, and was purged
ith nitrogen for 10 min. This mixture was distributed into cylin-
rical moulds and sealed which were exposed to a long-wave UV
adiation for 2 h. After polymerization, the cylindrical rods with
mprinted-polymer were washed with Milli-Q water several times.
on-imprinted polymers were grained from the bulk polymers in a

ortar. In order to remove unreacted monomers and other ingre-
ients, the grained imprinted particles were extensively washed
ith ethanol/water mixture (70/30, v/v) for 6 h at room tempera-

ure. After cleaning, the template metal ions were removed from
he polymer particles in acidified thiourea solution (0.5% thiourea
n 0.5 M HCl) for 24 h at 25 ◦C under magnetic stirring. The non-
mprinted poly(4-VP-HEMA) compositions were synthesized in a
imilar way but in absence of template molecule (i.e., Cr(VI)). The
oly(4-VP-HEMA) particles were stored at 4 ◦C until use. The IIP2
omposition has a high adsorption capacity and more sensitive to
r(VI) anions compared to IIP1 polymer formulation, therefore, the
est of the study was carried out with IIP2 formulation.

.3. Characterization of poly(VP-HEMA) particles

The average size and size distribution of the Cr(VI)-imprinted

articles were determined by using molecular sieves, and
5–150 �m mesh size was used. The specific surface area
f the particles was measured by a surface area apparatus
nd calculated using the BET (Brunauer, Emmett and Teller)
ethod.
rdous Materials 187 (2011) 213–221

The swelling ratios of both imprinted and non-imprinted poly-
meric particles were determined in Milli-Q water by using a
gravimetric method. The water ratio was defined as the weight ratio
of water contained within swollen to dry particles. The swelling
ratio of the particles was calculated by using the following expres-
sion:

Swelling ratio (%) = (Ws − Wd)
Wd

100 (1)

where Wd and Ws are the dry and swollen weights of particles,
respectively.

The surface morphology of the particles was examined using
scanning electron microscope (SEM/EDX) (JEOL, JMS 5600, Tokyo,
Japan) after coating with thin layer gold under reduced pressure.
The samples were scanned at a desired magnification to study
the morphology of the imprinted and non-imprinted particles.
The Cr(VI) unleached and leached particles were analyzed using
a SEM/electron diffraction X-rays (EDX) analyzer. To evaluate the
degree of 4-VP incorporation in imprinted and non-imprinted
polymer particles, they were subjected to elemental analysis using
a Leco Elemental Analyzer (Model CHNS-932). The FTIR spectra
of imprinted and non-imprinted polymer particles were obtained
using a FTIR spectrophotometer (Shimadzu, FTIR 8000 Series,
Japan).

2.4. Adsorption/desorption/reuse

2.4.1. Adsorption studies
The adsorption of Cr(VI) anions from aqueous solution on the

imprinted and non-imprinted polymeric particles was investigated
in a batch system. A stock solution (1000 mg/L) of chromate anions
was obtained by dissolving dried potassium dichromate in Milli-Q
water. The different concentrations of Cr(VI) anions were prepared
from stock solution. To determine the effect of initial concentra-
tion of Cr(VI) anions on the adsorption rate and capacity on the
adsorbent, the initial concentrations of Cr(VI) anions were var-
ied between 20 and 400 mg/L in the medium. Diphenylcarbazide
(DiPC) method, a colorimetric method was used for determina-
tion of chromium anions. This colorimetric method can be used for
the determination of Cr(VI) anions in natural and industrial water
in the range of 100–1000 �g/L. In this method for the determina-
tion of total chromium content, all the chromium was converted
in to hexavalent state by oxidation with potassium permanganate.
Effects of the medium pH, adsorbent dosage and the initial Cr(VI)
anions concentrations on the adsorption capacities of the tested
adsorbents were studied. The effect of the medium pH on the
adsorption capacity of the Cr(VI)-imprinted and non-imprinted
particles was investigated in the pH range 2.0–8.0 (which was
adjusted with H2SO4 or NaOH at the beginning of the experiment
and not controlled afterwards) at 25 ◦C. In a typical adsorption
experiment, a 100 mg particle was transferred into the adsorption
medium containing Cr(VI) anions (200 mg/L) and agitated magnet-
ically at 200 rpm. The concentration of remaining Cr(VI) anions in
the adsorption medium was determined at 540 nm using a dou-
ble beam UV–vis spectrophotometer (PG Instrument Ltd., Model
T80+; PRC) after complexation with 1,5 diphenyl carbazide [39].
Before determination of the total quantity of Cr(VI) in the adsorp-
tion medium, Cr(III) and Cr(II) were converted to Cr(VI) using
KMnO4 [14,34]. For each set of data present, standard statistical
methods were used to determine the mean values and standard
deviations. To ensure the accuracy, reliability, and reproducibil-

ity of the collected data, all the batch experiments were carried
out in duplicate and the mean values of two data sets are pre-
sented. The Cr(VI) removal efficiency for all types of adsorbents
was within the range of ±2.0%. When the relative error exceeded
this criterion, the data were disregarded and a third experiment
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Fig. 1. Schematic representation of co

as conducted until the relative error fell within an acceptable
ange.

The amount of adsorbed Cr(VI) anions per unit ion-imprinted
nd non-imprinted polymers (mmol metal ions/g dry polymer) was
btained by using the following expression:

= [(Co − C)V ]
m

(2)

here Q is the amount of Cr(VI) anions adsorbed onto the poly-
eric particles (mmol/g); Co and C are the concentrations of the

r(VI) anions in the initial solution (mmol/L) and after adsorption,
espectively; V is the volume of the aqueous phase (L) and m is the
mount of polymer (g). Each experiment was repeated three times
nd results given are the average values.

The selectivity of the poly(VP-HEMA)-Cr(VI) particles towards
r(VI) ions (ionic radius: 44 pm) in the presence of competitive ions
r(III) (ionic radius: 75.5 pm) and/or Ni(II) (ionic radius: 69 pm)
as evaluated in a batch system. A solution (100 mL) containing

00 mg/L Cr(VI) anions and 50 mg/L Cr(III) or Ni(II) ions was con-
acted with IIP2 and non-imprinted particles at pH 4.0 and at 25 ◦C.

he adsorption medium was stirred magnetically at 400 rpm. After
dsorption equilibrium, the concentration of chromium ions in the
emaining solution was measured as described above. The concen-
ration of Ni(II) ions in the remaining solution was also measured
y flame atomic absorption spectrophotometer.
  imprinted poly(VP- HEMA)

xation of polymer with Cr(VI) anions.

2.4.2. Desorption and reuse
Adsorbed Cr(VI) anions were desorbed from adsorbent by treat-

ment with 0.1 M formic acid solution. IIP2 polymeric particles
were placed in the desorption medium and stirred continuously
at 400 rpm at 25 ◦C for 2 h. The final Cr(VI) anions concentra-
tion in aqueous phase was determined as described above. In
order to determine the reusability of IIP2 polymer consecutive
adsorption–desorption cycles were repeated six times by using
the same particles. The desorption ratio was calculated from the
amount of Cr(VI) ions adsorbed on the imprinted-polymer particles
and the final Cr(VI) anions concentration in the adsorption medium.
Desorption ratio was calculated from the following equation:

Desorption ratio (%) = (Cr(VI)desorbed) × 100
(Cr(VI)adsorbed)

(3)

3. Result and discussion

3.1. Characterization studies
The 4-vinyl pyridine monomer was used as complexing
monomer due to the presence of pyridine group, which has a high
affinity to metal ions. The 4-VP–Cr(VI) monomer complex was co-
polymerized with HEMA (co-monomer) and EGDMA (cross-linker)
via UV induced radical polymerization. The molecular formula of
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Fig. 3. SEM photographs of (A) Cr(VI)-imprinted particles at 100× magnification
and (B) poly(VP-HEMA)-Cr(VI) particles at 5000× magnification; (C) non-imprinted
ig. 2. The FTIR spectra of (A) non-imprinted poly(VP-HEMA) and (B) imprinted
oly(VP-HEMA-)-Cr(VI) particles.

r(VI)-imprinted polymer is schematically presented in Fig. 1. In
rder to confirm complex formation between Cr(VI) anions and 4-
yridine groups of the polymer, FTIR spectroscopy was performed
Fig. 2). The broad band at 3300–3500 cm−1 ranges indicates –OH
tretching vibrations in the structure of the acrylic polymers (i.e.,
EMA and EGDMA). Two peaks at ∼2924 cm−1 and 1720 cm−1

elong to characteristic group frequencies for methylene vibra-
ion and ester configurations in HEMA/EGDMA, respectively. The
dsorption bands at 2357 cm−1 representing vibration of aromatic
ings (i.e., 4-VP) after Cr(VI) anions complexation (Fig. 2B). The
eaks at 1552 cm−1 are belong to pyridine ring of both Cr(VI)-

mprinted and non-imprinted polymers. In the IR spectra of the
r(VI) imprinted polymer, a new band was observed at 1600 cm−1

nd this band was assigned the characteristic stretching vibration
f pyridine groups absorption after complexation of Cr(VI) anions.
s seen in these spectra Cr(VI) anions were complexed with 4-vinyl
yridine (the main complexing groups in the polymer structure).

The synthesized Cr(VI)-imprinted and non-imprinted particles
ere characterized using scanning electron microscopy (SEM) in

rder to know the surface morphological image of Cr(VI)-imprinted
nd non-imprinted particles (Fig. 3 A–C). The general appearance
f Cr(VI)-imprinted particle at 100× is presented in Fig. 3A. The sur-
ace SEM images of Cr(VI)-imprinted and non-imprinted particles
ere also obtained at 5000× magnification to compare of surface
roperties of Cr(VI)-IIP and non-imprinted. The SEM images are
resented in Fig. 3B and C, respectively. From figures, the polymer
ith chromium metal ions (Fig. 3B) is found to be entirely different

han that of non-imprinted polymer (Fig. 3C), the Cr(VI)-imprinted
olymer is exhibiting patterned surface with pores that may be due
o the presence of Cr(VI) ions in the polymer structure. On the other
and, the SEM image of non-imprinted polymer has a rough surface
ith no pores (Fig. 3C). As reported earlier, the addition of salt of
etals to the polymerization medium results in a multi-phase sep-

ration during polymerization that produces porous in the matrices
40–46]. Thus, a porous polymer with patterned surface is obtained
y addition of Cr(VI) ions compared to polymer contains no metal

ons.
The electron diffraction X-rays (EDX) spectra of Cr(VI) unleached

nd leached IIP2 particles are presented in Fig. 4 confirms the pres-
nce of chromium in both unleached and leached polymer particles.
uring extraction, the template molecule (i.e., Cr(VI)) ions on and

lose to the polymer surface were easily extracted, but those in the
ulk were inaccessible. Approximately 20% of the Cr(VI) template
as not leached from the Cr(VI) ions imprinted polymer particles.
particles at 5000× magnification.

The 4-VP content of Cr(VI)-imprinted and non-imprinted parti-
cles were found to be 21.4 �mol g−1 and 18.3 �mol g−1 polymers,
respectively, by using nitrogen stoichiometry. The swelling ratio
was about 108% for Cr(VI)-imprinted particles, which swell more,
compared to non-imprinted particles (89%). It can be due to the
presence of Cr(VI) micro-cavities in the Cr(VI)-imprinted polymer
particles formed during polymerization with Cr(VI) anions. The
specific surface area (34.5 m2 g−1) of the Cr(VI)-imprinted poly-

mer particles was higher than that of the non-imprinted particles
(21.7 m2 g−1), which can also indicate the presence of microporous
on the surface of the Cr(VI)-imprinted particles.
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.2. Adsorption of Cr(VI) anions on the polymer preparations

.2.1. Effect of pH
The binding affinity of poly(4-VP-HEMA) particles is highly

ependent on pH of the medium, thus, the polymer pH of the solu-
ion is another important parameter for the adsorption process
29,43,44]. The effect of pH on Cr(VI) adsorption was determined
n the Cr(VI)-imprinted and non-imprinted particles for different
H values ranging from 2.0 to 8.0, using a 200 mg/L Cr(VI) solution
Fig. 5). As can be seen in this figure the Cr(VI) binding capacity
ecreased with increasing pH for all the tested adsorbent. At high
cidic pH 2.0–4.0, adsorption was very high and decreased rapidly
fter pH 5.0 for IIP1, IIP2 and non-imprinted polymer particles. This
an be due to protonation of the functional pyridine groups on the
dsorbents whereas the ion-imprinted adsorbents were more sen-
itive to medium pH change for binding Cr(VI) anions than that of
he non-imprinted counterpart.

The variation in equilibrium pH with IIP2 and non-imprinted

articles were measured with 400 mg/L Cr(VI) concentration at pH
.0. The equilibrium pH was found to increase from 4.00 to 4.08
fter 48 h contact time. This indicates that there is no significant
hange in the final value of solution pH.
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ig. 5. Effect of pH on Cr(VI) anions adsorption using IIP1, IIP2 and non-imprinting
articles. Experimental conditions: initial concentration of Cr(VI) anions: 200 mg/L;
emperature: 25 ◦C.
Time (min)

Fig. 6. Experimental adsorption rates of Cr(VI) anions on the IIP2 and non-
imprinting particles; pH: 4.0, T: 25 ◦C.

3.2.2. Adsorption rate
Time dependence of Cr(VI) adsorption from aqueous solutions

onto on the Cr(VI)-imprinted and non-imprinted particles from
aqueous solutions was studied. Fig. 6 shows adsorption rates of
Cr(VI) anions onto both Cr(VI)-imprinted and non-imprinted par-
ticles from aqueous solutions containing 200 mg/L of Cr(VI) anions
at a constant pH of 4.0. High adsorption rate was observed at the
beginning of adsorption process, and then saturation value (i.e.,
adsorption equilibrium) was gradually reached within first 40 min.
Adsorption of Cr(VI) was quite fast, and this fast adsorption equi-
librium time was most probably due to high complexation rate
(i.e., high affinity) between Cr(VI) anions and template groups
on the polymer structure. As seen from Fig. 6, the experimen-
tal Cr(VI) anions adsorption curve was very steep compared to
non-imprinted counterpart. This equilibrium can most probably
be due to geometric shape memory between Cr(VI) anions and
imprinted polymer structure [3,37]. Several experimental data on
the adsorption of various ions by molecularly imprinted polymers
have shown a wide range of adsorption rates. For example, Hoai
et al., have investigated adsorption of copper ions on the copper(II)
ion-imprinted porous particles, which were prepared two func-
tional monomers, methacrylic acid and vinyl pyridine and found
120 min equilibrium adsorption time [10]. Singh and Mishra used a
novel ion-imprinted polymer, phenol–formaldehyde–Cd(II)–2-(p-
sulphophenyl azo)-1,8-dihydroxy naphthalene-3,6-disulphonate
for selective solid phase extraction of Cd(II) from aqueous solu-
tions. They reported that the adsorption equilibrium was gradually
reached within 50 min [9]. Liu et al. used methylmercury-imprinted
polymers for determination of methylmercury, and equilibrium
time was 40 min [11]. Dakova et al., have studied adsorption of
mercury via the ion-imprinted polymethacrylic acid microbeads for
preconcentration and speciation of mercury and reported 10 min
equilibrium adsorption time [3].

3.2.3. Adsorption capacity
Fig. 7 shows the effects of initial concentration of metal ions

onto the adsorption capacity of the Cr(VI) anions both imprinted
(i.e., IIP1 and IIP2) and non-imprinted poly(4-VP-HEMA) particles
at pH 4.0. The amount of Cr(VI) anions adsorbed per unit mass of the

Cr(VI)-imprinted polymers (i.e., adsorption capacities) increased
with the initial concentration of Cr(VI) ions. The maximum exper-
imental adsorption (corresponding to a 200 ppm Cr(VI) anions),
which represents saturation of binding sides on both ion-imprinted
(i.e., IIP1 and IIP2) and non-imprinted polymers were 2.69, 3.31
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Table 2
Langmuir constants and correlation coefficients for adsorption of Cr(VI) anions
adsorption using the non-imprinted and ion-imprinted poly(4-VP-HEMA) particles.

Qexp (mmol/g) Qmax (mmol/g) b (L/mmol) R2

T
A

mprinting particles. Experimental conditions: initial concentration of Cr(VI) anions:
00 mg/L; pH: 4.0, T: 25 ◦C.

nd 2.14 mmol Cr(VI)/g polymer, respectively. The high adsorption
quilibrium capacity for imprinted particles is most probably due
o high complexation and geometric affinity between Cr(VI) ions
nd specific Cr(VI) binding cavities on the polymer structure.

A number of attempts have been made to modify different
atural and synthetic polymers to increase their adsorption capac-

ty for Cr(VI) ions. To justify viability of the presented study for
emoval of Cr(VI) ions as an effective adsorbent, the adsorption
apacity of IIP2 particles need to be compared to that of other adsor-
ents. Comparative studies can be made in terms of Cr(VI) removal
apacity (mmol/g polymer), optimum pH, and the initial concen-
ration of Cr(VI) used (mg/L). The adsorption capacity some of these

odified adsorbents is presented in Table 1. The Cr(VI)-imprinted
ignificantly enhances its Cr-loading capacity compared to other
dsorbents. Like other adsorbents, the optimum pH range of Cr(VI)-
mprinted particle for effective Cr(VI) adsorption lies in acidic pH
ange between 2.0 and 4.0

Adsorption isotherm was used to evaluate adsorption properties
f the system. The Langmuir model was found to be applica-
le in interpreting Cr(VI) ions adsorption on both imprinted and
on-imprinted adsorbents. Fig. 8 shows the dependence of the
quilibrium concentration on the adsorbed amount of Cr(VI) anions
nto both imprinted and non-imprinted poly(4-VP-HEMA) par-
icles. The Langmuir adsorption isotherm is expressed by Eq.
4). Langmuir adsorption model assumes that the molecules are

dsorbed at a fixed number of well-defined sites, each of which can
nly hold one molecule [34,45]. The corresponding transformations
f the equilibrium data for Cr(VI) anions on the tested adsorbents
ave rise to a linear plot, indicating that the Langmuir model could

able 1
dsorption capacities of different adsorbents for Cr(VI) ions from batch studies.

Adsorbent Qmax (mmol/g)

Poly(ethyleneglycol methacrylate/vinyl imidazole) 2.09
Ethylenediamine grafted poly(GMA/MMA) 0.44
Ethylene diamine modified starch 0.18
Amino-functionalized GMA 2.11
PEI immobilized acrylate based magnetic beads 2.0
IIP imprinted chitosan cross-linked with epichlorohydrin 0.98
IIP chitosan 0.98
Ethylene diamine functionalized magnetic polymer 1.19
Aniline formaldehyde coated silica gel 1.25
Chitosan coated on perlite 2.95
IIP 4-VP/HEMA 3.31
Non-imprinted 2.14 2.39 1.66 0.994
IIP1 2.69 2.94 2.26 0.996
IIP2 3.31 3.42 6.72 0.998

be applied in these systems and described by the equation:

Q = (QmaxbCe)
(1 + bCe)

(4)

where Q is the amount of adsorbed Cr(VI) ions on the adsorbents
(mmol/g), Ce the equilibrium Cr(VI) anions concentration in solu-
tion (mmol/L), b the Langmuir constant (L/mmol) and Qmax is the
maximum adsorption capacity (mmol/g). Fig. 8 and Table 2 show
the equilibrium isotherm plots and isotherm model parameters
determined with the Langmuir isotherm model, respectively. It
was observed that the Langmuir model can be applied all the
tested particles for adsorption of Cr(VI) anions with high correlation
coefficients. The Langmuir adsorption capacities (Qmax values) for
Cr(VI)-imprinted (i.e., IIP1 and IIP2) and non-imprinted particles
were 2.94, 3.42 and 2.39 mmol/g, respectively) those are closest
to the experimental values (Qexp, 2.69, 3.31 and 2.14 mmol/g for
Cr(VI)-imprinted IIP1, IIP2 and non-imprinted particles, respec-
tively) as presented in Table 2.
Eq. (5) was used to fit the experimental data and change in
standard free energy of adsorption (�Go) was then determined by:

�Go = −RT ln Ka (5)

pH Initial Cr(VI) concentration (mg/L) Reference

3.0 1280 [18]
2.0 600 [21]
4.0 24 [22]
1.8 2600 [29]
2.64 600 [30]
5.5 1000 [31]
5.5 1000 [31]
2.5 150 [32]
2.0 200 [33]
4.0 5000 [34]
4.0 200 Present study



G. Bayramoglu, M.Y. Arica / Journal of Hazardous Materials 187 (2011) 213–221 219

Table 3
The first and second order kinetics constants of the experimental data for Cr(VI) anions adsorption on the non-imprinted and ion-imprinted poly(VP-HEMA) particles.

Experimental First order kinetic Second order kinetic

mol/g) R2 k2 × 101 (g/mmol min) Qeq (mmol/g) R2

0.963 1.42 2.27 0.996
0.906 1.72 3.53 0.990
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Table 4
Competitive adsorption of Cr(VI)/Cr(III) and Cr(VI)/Ni(II) ions on the Cr(VI)-
imprinted and non-imprinted particles.

Ions Adsorption capacity (mmol/g)

Cr(VI)-imprinted particles Non-imprinted particles

Cr(VI) 3.31 2.14
Qeq, ex (mmol/g) k1 × 102 (min−1) Qeq (m

Non-imprinting 2.14 3.71 0.80
Cr(VI)-imprinting 3.31 4.08 0.87

he values of �Go calculated from Ka (Ka = b) by using Eq. (5).
he negative values of �Go −18.37 and −21.83 kJ/mol indicate
hat the adsorption of Cr(VI) anions on the Cr(VI)-imprinted and
on-imprinted are feasible and spontaneous, respectively [46].
he free energy of the interactions demonstrated that the pro-
esses are favorable for the formation of electrostatic interaction. In
eneral, up to −20 kJ/mol are consistent with electrostatic interac-
ion between charged molecules and surface indicative of physical
dsorption while more negative than −40 kJ/mol involve chemi-
al adsorption. The order of magnitude of the values indicates a
trong physical adsorption mechanism for the Cr(VI) ions on both
articles.

In order to examine the controlling mechanism of adsorption
rocess, pseudo-first- and second-order kinetic models were used
o test experimental data [46–48]. As seen in Table 3, the theoretical

values estimated from second-order kinetic model are closer to
he experimental values for both adsorbents with high correlation
oefficients. So, the results suggested that the second-order adsorp-
ion mechanism is predominant for both IIP2 and non-imprinted
articles (Fig. 9).

.3. Selectivity studies

Adsorption capacities of Cr(VI)-imprinted and non-imprinted
articles in the presence of competitive ions such as Cr(VI)/Cr(III)
nd Cr(VI)/Ni(II) was studied in a batch system and the results are
resented in Table 4. The Cr(VI) adsorption capacity of the Cr(VI)-

mprinted particles was much higher than that of Cr(III) ions. When
hey exist in the same medium, a competition will start for the same
ttachment sites. It should be noted that the ion-imprinted parti-
les showed excellent selectivity for the target molecule (i.e., Cr(VI)
nions) due to the presence of specific cavities on imprinted par-

icles. The adsorption capacity of IIP2 particles for Cr(VI) anions is
3.8 and 11.7 fold greater than those of the Cr(III) and Ni(II) ions,
espectively.

0

0,3

0,6

0,9

0,150,10,050

1/t

1
/q

Non-imprinting

IIP2

ig. 9. The pseudo-second order plot for adsorption of Cr(VI) anions on the IIP2 and
on-imprinting particles.
Cr(III) 0.24 0.87
Cr(VI) 3.15 1.90
Ni(II) 0.27 0.79

Distribution and selectivity coefficients of Cr(VI) with respect to
Cr(III) were calculated as explained below [49]:

Kd = Ci − Cf

Cf
(V/m) (6)

where Kd, Ci and Cf represent the distribution coefficient, initial
and final solution concentrations (mg/L), respectively, V and m are
the volume of the solution (L) and the mass of the particles (g).
The selectivity coefficient for the binding of an ion in the pres-
ence of competitor species can be obtained from equilibrium data
according to Eq. (7):

k = Kd (template metal)
Kd (interferent metal)

(7)

where k is the selectivity coefficient of interfering metal (i.e., Cr(III)
ions). A comparison of the k values of the imprinted polymer with
those of metal ions allows an estimation of the effect of imprinting
on selectivity. In order to evaluate an imprinting effect, a relative
selectivity coefficient k′ was defined as follows [8,49]:

k′ = kimprinted

knon-imprinted
(8)

The relative selectivity coefficient (k′) resulting from the com-
parison of the k values of the anions imprinted particles with
non-imprinted particles allows an estimation of the effect of
imprinting on selectivity. The Kd and k values of ion-imprinted par-
ticles are significantly larger in comparison to the Cr(VI)-imprinted
particles. The relative selectivity coefficients of imprinted poly(VP-
HEMA) particles for Cr(VI)/Cr(III) and Cr(VI)/Ni(II) were almost
21.4 and 14.0 times greater than that of non-imprinted (poly(VP-

HEMA)) particles, respectively (Table 5). This means that Cr(VI)
anions can be selectively removed from aqueous medium even in
the presence of Cr(III) and/or Ni(II) ions.

Table 5
The selectivity coefficient (k) and the relative selectivity coefficient (k′) values for
the particles.

Ions Cr(VI)-imprinted particles Non imprinted particles k′

Kd (L/g) k Kd (L/g) k

Cr(VI) 6.170 – 1.25 – –
Cr(III) 0.067 92.09 0.29 4.31 21.37
Cr(VI) 4.532 – 0.98 –
Ni(II) 0.086 52.69 0.26 3.77 13.98
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.4. Desorption and repeated use

Desorption of the adsorbed Cr(VI) anions from the imprinted
articles was also studied in a batch experimental system. Vari-
us factors are probably involved in determining rates of Cr(VI)
esorption, such as the extent of hydration of the metal ions and
olymer microstructure. However, an important factor appears
o be binding strength. When formic acid was used as a desorp-
ion agent, the coordination sphere of chelated Cr(VI) anions is
isrupted and subsequently Cr(VI) anions are released from the
r(VI)-templates into desorption medium. In order to show the
eusability of the ion-imprinted particles, adsorption–desorption
ycle was repeated 6 times by using the same imprinted particles.
he results showed that the Cr(VI) imprinted particles could be
sed many times without significant decrease in their adsorption
apacity to Cr(VI) anions.

.5. Removal of Cr(VI) from artificial waste-water

The effectiveness of IIP2 particles for removal of Cr(VI) from
ynthetic waste water was examined. Cr(VI) concentration was
0 mg/L were prepared by diluting appropriate amounts from the
tock solution. The measurements were repeated for three times. It
as found that the recovered Cr(VI) from artificial waste-water was

bout to 9.33 ± 0.26 mg/L. The presence of 5 fold excess of Cr(III),
i(II) and Cd(II) over Cr(VI) does not affect the adsorption capac-

ty of the IIP2 particles. It was found that removal of Cr(VI) from
rtificial wastewater was effectively performed without any sig-
ificant interferences from other metal ions commonly present in
aste-water.

. Conclusions

Molecular imprinting is a rapidly evolving technique to prepare
ynthetic receptors. They are easy to prepare, stable, inexpensive
nd capable of molecular recognition. In this study, Cr(VI)-
mprinted polymer was prepared using 4-vinyl pyridine as a
omplexing monomer, and it was used for the selective removal of
r(VI) anions from aqueous solutions under different experimental
onditions. The results show that the poly(4-VP-HEMA) particles in
he size range of 75–150 �m have bulky rough surface and macrop-
res within the bulk structure. The adsorption rate was found to be
elatively fast. The time required to reach equilibrium conditions
as around 40 min, suggesting that the fast adsorption equilibrium

eached is most probably due to a high binding affinity between
r(VI) and its binding sites on the polymer structure. The adsorp-
ion values increased with increasing initial concentration of Cr(VI)
nions, and a saturation value is achieved at ions concentration of
00 mg/L, which represents saturation of the active binding cavities
n the poly(4-VP-HEMA) polymers. It can be used in the presence
f competitive ions such as Cr(III) and Ni(II) with a high selectiv-
ty. Also, it was observed that Cr(VI)-imprinted particles can be
sed several times without loss in adsorption capacity. Finally, the
esults showed that MIP particles designed for Cr(VI) removal have
igh selectivity to its target metal ion.

[40,41].
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