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a b s t r a c t

In this study, two water-compatible molecularly imprinted polymers (MIPs) were prepared for the selec-
tive adsorption of a Reactive Red (RR) and Basic Red dye (BR). The preparation of BR-MIP was carried
out in organic medium, while the preparation of RR-MIP in aqueous medium. Characterization of the
obtained dye—MIPs was achieved by FTIR spectra, SEM micrographs, and swelling experiments. Kinetic
experiments were successfully described by the intraparticle diffusion model. Equilibrium experiments,
eywords:
olecular imprinting

elective adsorption
asic dyes
eactive dyes

sotherms

at various temperatures, were described by the Freundlich model. The process was endothermic and could
be classified as electrostatic adsorption. The effect of pH on adsorption and desorption was studied, as well
as a potential adsorption/rebinding mechanism of dyes by MIPs is also proposed. The regenerability of
MIPs was affirmed in four sequential cycles of adsorption/desorption, without significant loss in adsorp-
tion capacity. Selectivity experiments showed the high affinity of target molecules over competitive dyes
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for the respective MIPs.

. Introduction

The history of molecular imprinting is traced back in 1940s and
950s, when there was an inspiration to create affinity for dye
olecules in silica gel, which is considered to be the first imprinted
aterial [1]. Molecularly imprinted polymers (MIPs) represent a

ew class of materials that have artificially created receptor struc-
ures [2–5]. Since their discovery in 1972, MIPs have attracted
onsiderable interest from scientists and engineers involved in the
evelopment of chromatographic adsorbents, membranes, sensors
nd enzyme and receptor mimics [6].

Dye molecules, according to their charge, can be classi-
ed as: anionic (direct, acid, reactive), cationic (basic) and
onionic (disperse). Depending upon their structure, azo- and
nthraquinonic-dyes are the two major classes and together rep-
esent 90% of all organic colorants [7]. It is known that wastewaters
ontaining dyes are very difficult to treat, since these chemicals are
ecalcitrant molecules resistant to traditional aerobic digestion [8].
t should be also stressed that the dyeing process is usually realized

y mixture of dyes (trichromatic) to produce the various shades [9].
s a result, wastewaters originating from the dyeing reactor bear

hree dyes. Adsorption of dye molecules onto a sorbent can be an
ffective low-cost method of color removal. Activated carbon is the

∗ Corresponding author. Tel.: +32 310 997807; fax: +32 310 997859.
E-mail address: nlazarid@chem.auth.gr (N.K. Lazaridis).
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ost commonly used method of dye removal by adsorption. Acti-
ated carbon is expensive, with high regeneration cost and 10–15%
oss in the reactivation procedure [10]. MIPs specially prepared for
he three dyes could be an alternative sorbent for the selective sep-
ration of each dye molecule. Moreover, desorption and possible
euse of dyes could give an important economic and environmental
mpetus.

This team has succeeded the preparation of sorbents with high
dsorption capacity for the removal of dyes, but without achieving
ny selectivity [11]. In literature, it has not been extensively stud-
ed the removal/recognition of a dye molecule as template with

IPs. Only, Yan et al. tried to study the binding properties of a dye-
mprinted polymer using a basic dye (malachite green) as template
12].

MIPs traditionally demonstrate their best performance in
ydrophobic organic solvents, such as chloroform or toluene [13].
his could be explained by the fact that apolar solvents eliminate
he non-specific hydrophobic interactions and create the best envi-
onment for electrostatic interactions which play an important role
n molecular recognition [13]. Purification and solid phase extrac-
ion of natural products constitute areas for MIPs application where
he use of hydrophobic solvents could give an advantage [13]. How-

ver, there are many others such as environmental analysis, which
equire full compatibility with water [13].

The novelty of this study is the preparation of water-compatible
IPs for the selective removal of dye molecules from trichromatic

ye aqueous solutions. A reactive and a basic (both azo-dyes), were

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:nlazarid@chem.auth.gr
dx.doi.org/10.1016/j.cej.2008.11.002
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sed as main templates, while other two reactive and two basic
sed as co-existent dyes. The rebinding properties and the adsorp-
ion capacity were demonstrated by equilibrium/rebinding batch
xperiments. The selectivity/specificity of the obtained materials
as elucidated by performing adsorption experiments in trichro-
atic dye solutions. Moreover, the regeneration possibility of the

ye-loaded polymers was evaluated, offering additional impetus
or improved process economics.

. Materials and methods

.1. Materials

For synthesis of MIPs, methacrylic acid (MAA) and acry-
amide (AAm) were used as monomers, ethylene glycol
imethacrylate (EGDMA) and N,N′-methylenebisacrylamide
MBA) as cross-linkers, dimethylformamide (DMF) as solvent,
,2′-azobis(isobutyronitrile) (AIBN) and potassium persulfate
KPS) as initiators. Remazol Red 3BS (RR) (C31H19ClN7Na5O19S6,

.W. = 1136.31 g/mol, �max = 588 nm, 58%, w/w), and Remacryl
ed TGL (BR) (C19H25Cl2N5O2, M.W. = 424.34 g/mol, �max = 488 nm,
6%, w/w) were the template molecules. For the selectivity exper-

ments four other dyes were used as competitive dyes; Basic
lue 3G (BB) (C20H26ClN3O, M.W. = 359.18 g/mol, �max = 607 nm,
3%, w/w), Basic Yellow 37 (BY) (C21H29N3, M.W. = 323.48 g/mol,
max = 440 nm, 55%, w/w), Remazol Blue RN (RB) (C22H162Na2O11S3,
.W. = 626.54 g/mol, �max = 541 nm, 56%, w/w), Remazol Yellow

elb 3RS 133% (RY) (C28H20ClN9Na4O16S5, M.W. = 1026.25 g/mol,
max = 419 nm, 60%, w/w). The chemical structures of all dyes
re given in Table 1. All solvents, reagents and compounds of
olymerization were supplied by Sigma–Aldrich.

.2. Synthesis of MIPs

For the preparation of Red Reactive dye-MIP (RR-MIP), 2 mmol
Am, 10 mmol MBA, 1 mmol Reactive Red dye (RR) and 0.185 mmol
PS were dissolved in 50 mL of water into a glass flask, while for
asic Red dye-MIP (BR-MIP) 2 mmol of MAA, 10 mmol EGDMA,
.6 mmol Basic Red dye (BR) and 0.05 g AIBN were dissolved in
0 mL of the organic solvent DMF [14]. The functional monomer
nd cross-linker were determined by the ratio of 2:10 [15]. In both
ethods, the mixture of reagents was stirred for 2 h, followed by

itrogen sparging (∼5 min) to remove oxygen. After then, the flask
as immediately sealed and stirring was continued at 75 ◦C for

2 h. The flask was then smashed and the monolithic polymers
btained, were ground in a laboratory mortar and pestle. Next, the
btained particles were washed with acetone and hot water, fol-
owed by extraction in a Soxhlet apparatus using methanol, in order
o remove residuals of the monomers and template molecules.
he extraction lasted for 16 h, a sum of 30–35 solvent cycles (each
ycle lasts approximately 30 min). At the end of the 16-h period,
he higher percentage of template molecules (91%) was removed
rom the polymer matrix, giving that for non-covalent imprint-
ng 85–95% was reported to be the ideal range of the template
xtraction from the polymer [16]. Non-imprinted polymers (NIPs)
ere prepared with the same procedure just in the absence of

he template molecules, denoted hereafter as R-NIPs and B-NIPs,
espectively.

.3. Characterization
The structure of the binding sites of a MIP cannot be determined
ither with crystallographic or microscopy methods, because of
heir deformity. Therefore, there are only a limited number of direct
hysical characterization methods for imprinted polymers. These

b
a
s
c
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nclude surface area measurements (via BET analysis), IR spec-
roscopy, scanning electron microscopy and swelling experiments.
he spectroscopic methods are the best for investigating molec-
lar level features of MIPs, while the surface area and swelling
easurements characterize macroscopic features.
For the swelling degree measurements 0.5 g of sample was

laced in 100 mL aqueous solution adjusted to pH 10 for BR-MIP
nd to pH 2 for RR-MIP; optimum pH values found from pH-edges
xperiments. After immersion for 24 h at room temperature, by
hich time the material has finally completed swelling (after five
easurements until there was no further weight increase), the
aterial was removed from the solvent by filtration and excess sol-

ent was removed carefully staved off the by blotting with moist
lter paper. The weight of the swollen sample was measured and
he swelling degree (%) was calculated using Eq. (1):

= Ws − W0

W0
· 100% (1)

here Ws and W0 are the weights of the swollen and dry polymer,
espectively.

FTIR spectra of MIPs were obtained by a PerkinElmer FTIR
pectrophotometer, model Spectrum 1000, in the range of
000–500 cm−1 using KBr pellets containing the prepared mate-
ials. The resolution for each spectrum was 2 cm−1 and the number
f co-added scans was 64. The spectra presented are baseline cor-
ected and converted to the absorbance mode.

In addition, surface areas of the MIPs were determined with
Micromeritics BET (Brunauer, Emmett and Teller) surface area

nalyzer, model TriStar 3000, by means of adsorption of ultra pure
itrogen.

Scanning electron microscopy of the prepared particles was car-
ied out using a JEOL JMS-840A scanning microscope equipped with
n energy-dispersive X-ray (EDX) Oxford ISIS 300 micro-analytical
ystem. All the studied surfaces were coated with carbon black to
void charging under the electron beam.

In order to find out the pHzpc of the material (pH at which the
aterials do not induce the release of either H+ or OH− ions into

he solution) the solid addition method described by Balistrieri and
urray was realized [17].

.4. Adsorption–desorption

.4.1. Effect of pH (pH-edges)
The influence of pH over the adsorption process was studied

y mixing 0.5 g of sorbent with 50 mL of a dye solution (100 mg/L).
mmediately after mixing, the suspension was allowed to bind dyes
y shaking for 24 h. The temperature was maintained constant at
5 ± 1 ◦C using water bath (Julabo SW-21C). The pH value, ranging
etween 2 and 12, was kept constant throughout the adsorption
rocess. It was found from the experimental data that the higher
ye uptake was at pH 2 for RR-MIP and at pH 10 for BR-MIP. There-
ore, these pH values were selected for the rebinding experiments.

.4.2. Kinetic experiments
Batch kinetic experiments were performed by mixing a fixed

mount of sorbent (0.5 g) with 50 mL of a dye solution (100 mg/L).
mmediately after mixing, the suspension was allowed to bind dyes

y shaking for 24 h. During this period samples were collected
t fixed intervals. After the spectrophotometric analysis of each
ample, the concentration of dye in the aqueous solution (Ct) was
alculated. The following intraparticle diffusion model was used in
rder to estimate the intraparticle diffusion coefficient, D (m2/s)
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Table 1
Molecular structures of the studied dyes.
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Eq. (2)) [18,19]:

= C0 − Ct

C0 − Ce
=

[
1 − exp

(−4�Dt

2.3d2

)]1/2
(2)

here d is the particle diameter (m) and, C0, Ct, Ce are the ini-
ial, transient and equilibrium concentrations of dye in the aqueous
olution (mg/L), respectively. The diffusion coefficient, which is the
um of pore and surface diffusion, can be measured from the half-
ime for adsorption (X = 0.50).

.4.3. Equilibrium experiments—thermodynamics
The effect of initial dye concentration was determined by con-

acting 0.5 g sorbent with 50 mL of dye solutions (10–200 mg/L).
mmediately after mixing, the suspension was allowed to bind dyes
y shaking for 24 h (at pH 10 for BR-MIP and at pH 2 for RR-MIP).
he temperature was maintained constant at 25 ± 1 ◦C, 45 ± 1 ◦C,
5 ± 1 ◦C. The same experiments were performed for the respective
IPs.

The Freundlich isotherm is believed to be the better equilibrium

odel for MIPs [20]. This model is derived by assuming a heteroge-

eous surface with a non-uniform distribution of heat of adsorption
ver the surface and is expressed by Eq. (3) [21]:

e = KFCn
e (3)

w
c

K

here Qe is the equilibrium dye concentration in the solid phase
mg/g); KF is the Freundlich constant representing the adsorption
apacity (mg(1−n) Ln/g); n is a constant depicting the adsorption
ntensity/nonlinearity. The case n < 1 reflects the situation in which
t higher and higher sorbate concentrations, it becomes more and
ore difficult to sorb additional molecules. This may occur in cases
here specific binding sites become filled or remaining sites are

ess attractive to the sorbate molecules. The case n > 1 describes a
ontrasting situation in which previously sorbed molecules lead to
modification of the surface which favours further adsorption [22].

The Gibbs free energy change, �G0 (kJ/mol), of the adsorption
rocess is related to the equilibrium constant, Kc, by the van’t Hoff
q. (4) [23]:

G0 = −RT ln Kc (4)

It is also related to the change in entropy, �S0 (J/mol K) and the
eat of adsorption, �H0 (kJ/mol), at a constant temperature, T (K),
s follows:

G0 = �H0 − T �S0 (5)
here R is the universal gas constant (8.314 J/mol K). Equilibrium
onstant, Kc, can be calculated as:

c = CAe

Ce
(6)
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here CAe (mg/L) is the amount sorbed on solid at equilibrium.
rom the above equations, one gets:

n Kc = �S0

R
− �H0

RT
(7)

The values of �H0 and �S0 were calculated from the slop and
ntercept of the plot between ln Kc versus 1/T.

.4.4. Mixture of dyes—selectivity analysis
The obtained MIPs were brought into contact with a trichro-

atic mixture of reactive or basic dyes (30 mg/L of each dye).
mmediately after mixing, the suspension was allowed to bind
yes by shaking for 24 h (at pH 10 for basic dyes and at pH 2
or reactive dyes). The temperature was maintained at 25 ± 1 ◦C.
he same experiments were performed for the respective NIPs.
electivity analysis has been also performed for real effluents, bear-
ng the same reactive dyes, originating directly from the dyeing

achine. The effluents were diluted to give approximately the same
bsorbance as the simulated effluents, for comparison reasons.

Usually, the static distribution coefficient KD (mL/g), the sepa-
ation factor ˛, and the relative separation factor ˇ are utilized to
valuate the molecular selectivity of MIPs. Parameters KD, ˛, and ˇ
re defined as follows:

D = Qe

Ce
(8)

he selectivity of one dye versus another is quantified by the ratio of
he two partition coefficients KD1and KD2 (for dyes 1 and 2, respec-
ively):

= KD2

KD1
(9)

he higher value of ˛, the better selectivity is; if ˛ is close to 1.0,
he sorbent has no selectivity.

= ˛M

˛N
(10)

here ˛M and ˛N are the distribution coefficients of MIPs and con-
rol polymers (NIPs), respectively. The relative separation factor ˇ
emonstrates the difference between MIPs and NIPs. The higher
alue of ˇ, the greater is the difference. When ˇ = 1.0, it means that
here is no difference between MIPs and control polymers.

.4.5. Desorption experiments
Desorption of the sorbed RR and BR dyes from the imprinted

olymers was studied in a batch experimental set-up. After adsorp-
ion, samples were collected and filtered using fixed pore-size

embranes. Desorption experiments were performed by mixing
he collected amount of loaded MIPs with aqueous solutions over a
H range of 2–12. After 24 h of shaking at 25 ◦C, samples were taken
nd analysis revealed the optimum desorption pH.

.5. Analysis

The residual concentration of single dye solutions was cal-
ulated spectrophotometrically (UV–vis, model U-2000, Hitachi)
t their respective �max. In the case of triple dye solutions, the
bsorbance A was measured at the three wavelengths of maximum
bsorbance of dyes (�max,BR, �max,BB, �max,BY). The molar absorbtiv-
ty/extinction coefficients E (L mol−1 cm−1) for the three dyes was

alculated from the Lambert–Beer law [24]:

= E · Z · C (11)

here Z the path length (cm). The resulting 3 × 3 equation system,
xpressed by Eqs. (11a)–(11c), can give the residual concentration

M
I
s

c

g Journal 149 (2009) 263–272

f each dye:

�1
= E�1,BY · Z · CBY + E�1,BB · Z · CBB + E�1,BR · Z · CBR (11a)

�2
= E�2,BY · Z · CBY + E�2,BB · Z · CBB + E�2,BR · Z · CBR (11b)

�3
= E�3,BY · Z · CBY + E�3,BB · Z · CBB + E�3,BR · Z · CBR (11c)

here A�1
, A�2

, and A�3
are the absorbencies of the mixture at the

aximum wavelength of BY dye (�1 = 440 nm), BR (�2 = 488 nm),
nd BB (�3 = 607 nm), respectively. E�1,BY, E�1,BB, E�1,BR the
bsorbance coefficients of pure BY, BB, BR at the maximum
avelength of BY dye. E�2,BY, E�2,BB, E�2,BR the absorbance coeffi-

ients of pure BY, BB, BR at the maximum wavelength of BR dye.
�3,BY, E�3,BB, E�3,BR the absorbance coefficients of pure BY, BB, BR
t the maximum wavelength of BB dye. The same procedure was
ollowed for reactive dyes mixture. The effect of pH over both the
alibration curves and the determined �max wavelength of each
ye were studied, but no significant deviation was observed.

. Results and discussion

.1. Choice of reagents

Typically, the generation of stable high affinity MIPs requires
he following: (i) one or more functional monomers capable of
orming stable complexes with the template molecule; (ii) high
ominal cross-linking level for preserving the templated sites; (iii)
he use of an aprotic apolar solvent as porogen [14]. However, these
equirements are to some extent contradictory to the approaches
vailable to incorporate hydrophilic surface properties: (i) polar
orogens can be used. These solvate the polar functional groups
f the monomers leaving them exposed at the pore walls after
orogen removal; (ii) hydrophilic co-monomers or cross-linkers,
.g. MBA; (iii) postgrafting of hydrophilic chains can be employed
14].

The preparation of hydrophilic RR-MIP was guided by the sul-
onate groups of reactive dye (R–SO3

−) necessitated the interaction
ith a monomer, which could bear positive charged groups; e.g.

NH3
+ in low pH values. Therefore, acrylamide (AAm) was selected

s monomer which generates the hydrophilic surface of poly (acry-
amide). Moreover the used cross-linker (MBA) is also hydrophilic,
hus improving wetting by water. In the same manner, the prepa-
ation of hydrophilic BR-MIP was driven by the cationic groups of
he basic dye (N+), which had to interact with an opposite charged
roup of a monomer (e.g. R–COO−), in order to take place a strong
nteraction to stabilize the prepared BR-MIP. Thus, the hydrophilic

ethacrylic acid was selected as monomer, which can strongly and
onically interact with the cationic group of the dye.

.2. Characterization

Fig. 1a and b present the surface morphology of RR-MIP and BR-
IP after template extraction. It is readily observed that the BR-MIP

s stiffer and scraggy, presenting numerous of cavities created after
emplate extraction. This happens because of the different poro-
en used; BR-MIP was prepared with a non-polar solvent (DMF),
hile RR-MIP with water (high-polar solvent). In both MIPs, nano-

ized particles were formed, which sequentially were aggregated
nto larger particles with cavities into the polymeric matrix. The
urface area was determined to 112 and 98 m2/g for BR-MIP and RR-

IP, respectively; close to the range of imprinted polymers [25,26].

n general, polymers made in “poor” solvents tend to have lower
urface area than polymers made in “good” solvents as DMF [13,27].

Although imprinting synthesis has proven to be the most effi-
ient method for tailoring binding sites, site accessibility remains a
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Fig. 1. SEM micrographs of MIPs after templa
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ig. 2. Swelling ratios of the prepared MIPs and NIPs. (volume = 0.05 L; pH 2 for
R-MIP, R-NIP and pH 10 for BR-MIP, B-NIP; sorbent (MIPs, NIPs) = 0.5 g; contact
ime = 24 h; agitation speed 160 rpm; temperature = 25 ◦C).

roblematic issue. The imprinted cavities located on the surface of
he fine particles are fully accessible. However, those located inside
he particles are only partially accessible or inaccessible, depend-
ng on the porosities of the corresponding hosts. Site accessibility is
ignificantly improved by producing porous MIPs. In general, higher
urface area presents advantages of perfect binding-site integrity,
ully accessibility of imprinted sites, excellent mass transport and
nely adjusted hydrodynamic properties [28].

Fig. 2 presents the swelling degrees of the prepared MIPs and
IPs (63% for BR-MIP, 86% for RR-MIP, 47% for B-NIP, and 72% for
-NIP). Lower swelling means that the recognition sites are fixed
ore rigid on the polymer surface. The higher swelling of RR-MIP

nd R-NIP is attributed to their more hydrophilic character.
In general, to combat swelling, most imprinted systems will

ncorporate adequate ratios of cross-linkers into the backbone [27].
t has been communicated that: (i) MIPs prepared with low ratio
f cross-linking (2 mmol monomer/5 mmol cross-linker) give cavi-
ies too close to each other, creating a larger but less recognitive
ore; (ii) MIPs prepared with high cross-linking ratio (2 mmol
onomer/20 mmol cross-linker), hindered the diffusion of tem-

late into the polymeric matrix [27]. In our study, to give rigidity to
he functional cavities and to allow recognition, a medium ratio of
ross-linking was used (2 mmol monomer/10 mmol cross-linker).
.3. Effect of pH (pH-edges)

One of the most important parameters controlling the dye
dsorption process is pH, because it could influence the proper-

c
i
a
i
w

te extraction: (a) RR-MIP; (b) BR-MIP.

ies of the sorbent as well as sorbate speciation. Fig. 3a shows the
xperimental results of dye removal by MIPs under various con-
tant pH values. Data for BR-MIP reveal that the adsorption was
etter in basic conditions (high pH values) than in acidic ones; the
igher dye removal was achieved at pH 10 (69%). Contrarily, RR-
IP presents better rebinding in acidic environment (66% at pH 2).

ig. 3b presents the effects of pH on desorption of dye from MIPs.
R-MIP desorbed about 91% at pH 2 (acidic conditions), while 3% at
H 12 (alkaline conditions). Thus, decreasing the pH of eluent, an

ncrease of desorption was observed. In contrast, RR-MIP at pH 10
resented the highest desorption ratio (88%) and at pH 2 the low-
st one (8%). Therefore, the exact opposite trend of the adsorption
rocess with pH was followed in desorption.

.4. Kinetics

The behaviour of sorbents on the adsorption kinetics is depicted
n Fig. 4. A monotonous decreasing trend with high rates at the
eginning of adsorption observed for both the prepared dye-MIPs,
hereas the initial step descent is followed by a flat plateau (sat-
ration values). Equilibrium has been almost reached within 4 h
or both MIPs. In general, adsorption of dye was quite fast due
o high complexation rate into the MIP structure. If equilibrium
s achieved within 3 h, the process is usually kinetic controlled
nd above 24 h, it is diffusion controlled. Either or both kinetic
nd adsorption processes may be rate controlled in the 3–24 h
eriod [19]. The intraparticle diffusion model, presented as inset

n Fig. 4, succeeded in predicting the experimental data. All data
nalysis was performed using nonlinear least-square fitting. A
evenberg–Marquardt algorithm was used to iteratively search for
he parameters that best fit the data, determined by minimization
f the �2 value [29].The resulted diffusion coefficients for BR-MIPs
nd RR-MIPs were 4.99 × 10−13 m2/s and 5.08 × 10−13 m2/s, respec-
ively.

.5. Equilibrium—thermodynamics

The adsorption isotherms are depicted in Fig. 5a–c for RR-MIP,
R-MIP and NIP, respectively. Experimental data were fitted by the
reundlich model and the resulting parameters are given in Table 2.
he correlation coefficient (R2 ≈ 0.998) reveals that the particular
sotherm provides adequate theoretical correlation. Data showed
n increase in the amount of dye sorbed when the initial dye con-

entration was increased. One may discern that there is an increase
n the adsorption capacity as temperature was increased, for Fig. 5a
nd b. Yan et al. [12] showed that the maximum adsorption capac-
ty for MIPs with malachite green (basic dye) as template molecule
as 2.33 �mol/g (=0.85 mg/g). In our study, the adsorption-loading
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Fig. 3. (a) Effect of pH on the sorption of RR and BR onto RR-MIP and BR-MIP, respectively
(initial concentartion = 100 mg/L; volume = 0.05 L; sorbent (MIPs, NIPs) = 0.5 g; contact tim
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ig. 4. Adsorption kinetic data for BR-MIP and RR-MIP. Inset: intraparticle diffusion
odel fitted to the kinetic data (initial concentration = 100 mg/L; volume = 0.05 L;

orbent (MIPs) = 0.5 g; contact time = 24 h; agitation speed 160 rpm; tempera-
ure = 25 ◦C).

alues of dye-MIPs reach up to 12.31 mg/g; that is 15 times
reater.

The values of �H0 and �S0 were calculated from the slop and
ntercept of the plot between ln Kc versus 1/T (R2 > 0.989, data not

hown). All thermodynamic parameters, at selected concentrations
nd all temperatures are given in Table 3 for RR and in Table 4 for
R. The positive values of �H0 suggest the endothermic nature of
he process. The negative values of �G0 suggest that the process

able 2
quilibrium constants for the adsorption of dyes (RR and BR) onto MIPs and NIPs.

orbent Freundlich model

T (K) KF (mg1−n Ln/g) n R2

R-MIP 298 1.246 0.489 0.998
318 1.380 0.488 0.996
338 1.593 0.472 0.998

R-MIP 298 1.765 0.460 0.983
318 1.897 0.443 0.986
338 2.027 0.437 0.988

-NIP 298 0.130 0.232 0.990
-NIP 298 0.142 0.262 0.978

s
v

3

k
m
T
c
t
s

3

o

. (b) Effect of pH on desorption of RR and BR from RR-MIP and BR-MIP, respectively
e = 24 h; agitation speed 160 rpm; temperature = 25 ◦C).

s spontaneous with high preference for dye molecules. Since the
dsorption is endothermic, the amount sorbed at equilibrium is
ncreased with increasing temperature. The positive values of �S0

how the increased randomness at the solid/liquid interface. During
he adsorption the coordinated water molecules that are displaced
y the dye molecules gain more translational entropy, than is lost
y the dye molecules, resulting in increased randomness in the dye-
IPs interaction [30].
The thermodynamic parameters (�H0, �S0) showed a decrease

ith increasing initial concentration and amount sorbed. This effect
ould be attributed to: (i) the energetic heterogeneity of the sur-
ace and (ii) to dye–dye interactions. The dependence of heat of
dsorption with surface coverage is usually observed to display the
orbent–sorbate interactions followed by sorbate–sorbate inter-
ctions [31]. Exactly the same trend has been reported for the
dsorption of methylene blue by diatomaceous silica [32]. At low
oncentrations, hence at low Qe, the adsorption sites having the
ighest affinity for dyes are occupied first. Then, with increasing
e, the remaining sites with lower affinity are progressively occu-
ied. The variation of heat of adsorption with surface loading can
lso be attributed to the possibility of lateral interactions between
ye molecules. It is well known that ionic dyes tend to aggregate in
ilute solutions, leading to dimmer formation [33]. It is supposed
hat dimmer formation in solution is mainly due to hydrophobic
nteractions or permanent and transition dipole moments [33,34].
lthough dyes are very individualistic as structure, certain broad
ules are well established regarding their dimerization. The prob-
bility increases with an increase of dye concentration or ionic
trength; it will decrease with temperature rising or organic sol-
ents adding [33].

.6. Regenerability

The repeated use of the sorbent (regenerability), which is a
ey factor in improving wastewater process economics, was esti-
ated in four sequential cycles of adsorption–desorption (Fig. 6).

he loss in the adsorption capacity between the first and the last
ycle was approximately 10% for both MIPs. This gives evidence
hat the prepared materials can be used repeatedly without loosing
ignificantly their adsorption capacities.
.7. Adsorption/rebinding mechanism

To shed light in the adsorption mechanism, the surface charge
f the prepared materials was estimated versus pH (Fig. 7). The
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Table 3
Thermodynamic parameters for the adsorption of RR onto RR-MIP.

C0 (mg/L) Temperature (K) Qe (mg/g) Kc �G0 (kJ/mol) �H0 (kJ/mol) �S0 (J/mol K)

10 298 0.92 11.35 −6.02
10.79

56.40
318 0.94 14.87 −7.14 56.37
338 0.95 19.00 −8.27 56.40

100 298 6.90 2.23 −1.98
6.46

28.33
318 7.20 2.57 −2.50 28.17
338 7.50 3.00 −3.09 28.25

200 298 11.00 1.22 −0.50 18.14
8
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318 11.60 1.3
338 12.19 1.5

esulted pHzpc for the BR-MIP and RR-MIP were 3.27 and 4.65,
espectively.

For the case of BR-MIP, where the adsorption was realized at pH
0, the rebinding could be succeeded through strong ionic interac-
ions between the negative charged MIP (pH > pHzpc) and the dye

olecule. The basic dye, as a quaternary ammonium salt, exists as
permanent cation resulting an attraction between the cationic

roups of the dye (N+) with the negatively charged carboxyl groups
R–COO−) of the MAA. For RR-MIP, the rebinding was carried out
t pH 2 and could be achieved through high-affinity electrostatic
nteractions between the positive charged MIP (pH < pHzpc) and the
ye molecule. Specifically, the protonated amino groups of acry-

amide (NH3
+) interact strongly at pH 2 with the sulfonate groups

f dye (Eq. (12)):

1–SO3
− + R2–CO–NH3

+ ↔ R2–CO–NH3· · ·O3S–R1 (12)

The pKa of the sulphate groups of the reactive dye are in the range
.54–1.44, according to the SPARC software model v.4.2 (licensed
y EPA, USA) [35], which means that there is a great percentage of
he dye molecule in the anionic form (deprotonated) at pH 2.

All the aforementioned interactions can be affirmed by the
nfrared spectra of the loaded MIPs (BR-MIP and RR-MIP) along with
he respective NIPs and single dyes, which are presented in Fig. 8.
n the case of BR dye, four characteristic peaks were presented; the
ertiary amino C–N stretch bond at 1136 cm−1, the nitrate group at
354 cm−1, the open-chain azo group (–N=N–) at 1574 cm−1, and
he aromatic ring stretch at 1601 cm−1. The strong ionic interac-
ions between the negatively charged carboxylic groups and the
ositively charged dye molecules are revealed by the shift of the
eak from 1661 cm−1 in B-NIPs to 1653 cm−1 in BR-MIPs. The lat-
er is attributed to the asymmetric deformation of the carboxyl ion

f the methacrylic acid. Apart from this, the absence of the peak
t 1574 cm−1 (–N=N–) in the B-NIP spectrum, affirmed the struc-
ural difference between MIPs and NIPs, that is the absence of the
ye template in the non-imprinted polymer. On the other hand,
R dye presents the peak of azo groups at 1621 cm−1, the strong

R
R
n
M
d

able 4
hermodynamic parameters for the adsorption of BR onto BR-MIP.

0 (mg/L) Temperature (K) Qe (mg/g) Kc

0 298 0.95 18.23
318 0.96 23.39
338 0.97 33.48

00 298 7.49 2.98
318 7.70 3.35
338 7.95 3.88

00 298 12.28 1.60
318 12.80 1.78
338 13.40 2.03
4.91−0.85 18.12
−1.26 18.25

eak at 1149 cm−1 because of the sulfate ion (–SO3
−) and the C–Cl

tretch at 771 cm−1. In addition, the strong electrostatic interac-
ions between sulfonate groups of the dye and protonated amide
roups of the acrylamide were presented through the shift of the
eak from 1691 cm−1 in R-NIP to 1682 cm−1 in RR-MIP.

For sorbent motivated adsorption three loosely defined cate-
ories are traditionally distinguished: (i) chemical, or chemisorp-
ion, involves solute–sorbent interactions having the characteris-
ics of true chemical bonds; (ii) electrostatic adsorption which
nvolves electrostatic bonds and (iii) physical adsorption, or
hysisorption, resulting from the action of van der Waals forces
36]. Taking into account: (i) the previous classification; (ii) the
eversibility of the process; (iii) FTIR analysis and (iv) the applicabil-
ty of Freundlich isotherm [37], which does not describe chemical
dsorption, one can postulate that the main adsorption mechanism
s electrostatic adsorption. Additionally, a limited adsorption due
o dye-polymer hydrophobic effect could also contribute given the
mall adsorption of dyes by NIPs [38].

.8. Selectivity studies for simulated effluents

Table 5 shows the experimental results from the adsorp-
ion experiments in trichromatic dye solutions. The prepared
asic and reactive dye-MIPs sorb with extreme selectivity its
emplate molecule from a trichromatic dye solution, presenting
ery high distribution coefficients. The simultaneous adsorption
f small amounts of the other competitive dyes (although sev-
ral dyes had smaller size than the target molecules) could be
ttributed to the electrostatic attractions developed between MIPs
nd the dye molecules in a non-specific manner [13]. The cal-
ulation of the relative separation factors (ˇ) of BR-MIP and

R-MIP showed that the imprinted matrix for BR/BB, BR/BY, RR/RB,
R/RY was approximately 63, 67, 39, and 40 times greater than
on-imprinted matrix, respectively. Therefore, the selectivity of
IPs against their respective control polymers is doubtless and

efinite.

�G0 (kJ/mol) �H0 (kJ/mol) �S0 (J/mol K)

−7.19
12.66

66.62
−8.33 66.02
−9.87 66.64

−2.71
5.47

27.44
−3.19 27.25
−3.81 27.45

−1.16
4.46

18.86
−1.52 18.81
−1.99 19.08
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Fig. 6. Adsorption–desorption cycles for BR-MIP and RR-MIP.

Fig. 7. Determination of the pHzpc by the solid addition method.
ig. 5. Adsorption/binding isotherms, fitted to the Freundlich model, for: (a) RR-
IP; (b) BR-MIP and (c) NIPs (initial concentartion = 10–200 mg/L; volume = 0.05 L;

orbent (MIPs) = 0.5 g; contact time = 24 h; agitation speed 160 rpm; tempera-
ure = 25 ◦C).

.9. Selectivity studies for real effluents

Table 5 presents the selectivity parameters for real effluent
earing the same reactive dyes. Comparing with the respective

imulated, it seems that there is a reduction in KD ∼ 24%. Reac-
ive dyebath effluents comprise a variety of dye auxiliaries such
s NaCl (20–40 g/L), Na2CO3 (5–15 g/L), sequestering and organic
gents [39]. The inorganic auxiliaries increase the ionic strength
f the solution and causes dye dimerization with a consequent

Fig. 8. FTIR spectra of the prepared BR-MIP, RR-MIP, the respective NIPs, and the
dyes.
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Table 5
Molecular selectivity of the prepared MIPs/NIPs in trichromatic dye solution.

KD (L/g)

Sorbent BR BB BY ˛1 = KDBR /KDBB ˛2 = KDBR /KDBY ˇ1 = ˛1,MIP/˛1,NIP ˇ2 = ˛2,MIP/˛2,NIP

Simulated basic dye effluent
BR-MIP 1.100 0.016 0.015 67.57 74.71 63.15 67.31
B-NIP 0.013 0.012 0.011 1.07 1.11 – –

RR RB RY ˛3 = KDRR /KDRB ˛4 = KDRR /KDRY ˇ3 = ˛3,MIP/˛3,NIP ˇ4 = ˛4,MIP/˛4,NIP

Simulated reactive dye effluent
RR-MIP 0.650 0.015 0.014 43.5 46.21 39.18 40.18
R-NIP 0.013 0.011 0.011 1.11 1.15 – –

RR RB RY ˛′
3 = KDRR /KDRB ˛′

4 = KDRR /KDRY ˇ′
3 = ˛′

3,MIP/˛′
3,NIP ˇ′

4 = ˛′
4,MIP/˛′

4,NIP
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[

[

[

[

[

[

eal reactive dye effluent
RR-MIP 0.488 0.011 0.010 42.81
R-NIP 0.010 0.009 0.008 1.15

indered access in the active sites of MIPs. The organic auxiliaries
ould be partially bound onto MIPs surface by hydrophobic inter-
ctions limiting the access to the target dye molecule. However,
o significant reduction was observed in the partition coefficients
nd separation factors which indicate that the process remains
elective.

. Conclusions

In the present investigation, water-compatible MIPs were pre-
ared and evaluated as sorbents for basic (BR-MIP) and reactive
yes (RR-MIPs). The experimental observations are summarized
elow:

The BR-MIP was prepared in organic medium while RR-MIP in
aqueous. Both of them presented relatively low swelling percent-
age (63–86%).
The optimum condition for adsorption experiments was found to
be pH 2 for BR-MIP while pH 10 for RR-MIP. Effective diffusion
coefficients were found to be at the order 5 × 10−13 m2/s. Des-
orption of loaded BR-MIP (91%) succeeded at pH 2, while for the
respective RR-MIP (88%) at pH 10.
Equilibrium data were successfully fitted to the Freundlich
isotherm. The maximum adsorption loading, under the stud-
ied experimental conditions, found to be about 12 mg/g for both
MIPs.
MIPs were applied in four sequential cycles of adsorption–
desorption with a limited loss of adsorption capacity, only 10%.
The proposed rebinding mechanism (hydrogen bonding–
electrostatic interactions) is affirmed by the shift of the
carbonyl peak from NIPs to MIPs. Thermodynamic anal-
ysis showed the endothermic and spontaneous nature of
the process, which could be characterized as electrostatic
adsorption.
Selectivity studies with simulated effluents showed that MIPs
were selective to their template molecules presenting high distri-
bution coefficients (0.650–1.100 L/g) and high separation factors
(40–75).
Selectivity studies, with diluted real effluents, showed

∼24% reduction in distribution coefficient but with the
same high separation factors. The latter indicates that MIPs
could be employed for practical use. However, the next
step would be preparation of MIPs with higher adsorption
capacity in order to become more attractive in large-scale
implementations.

[

[

[

47.84 37.22 39.87
1.20 – –
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