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ABSTRACT

In this study, uniformly sized molecularly imprinted microspheres (MIP) using [3-cyclodextrin/attapulgite
composites as support were prepared for recognitive adsorption of 2,4-dichlorophenol (2,4-DCP) from
aqueous solution. Characterization of MIP were achieved by FT-IR spectra, SEM micrographs, nitrogen
adsorption-desorption analysis, EDX measurement and elemental analysis. Equilibrium data, at various
temperatures, were described by the Langmuir, Freundlich and Dubinin-Radushkevich isotherm models.
The thermodynamics parameters (positive values of AH° and AS°, negative values of AG°®) indicated that
binding system for MIP was endothermic, entropy gained and spontaneous. Kinetic properties were suc-
cessfully investigated by pseudo-first-order model, pseudo-second-order model, intraparticle diffusion
equation, initial adsorption rate, half-adsorption time and activation energy. A diffusion-controlled pro-
cess as the essential adsorption rate-controlling step was also proposed. MIP could be reused four times
without significant loss in adsorption capacity. The selectivity of MIP also demonstrated higher affinity

for target 2,4-DCP over competitive phenolic compounds than that of non-imprinted polymers (NIP).

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

The control of water quality is one of the most critical issues
in the fields of environmental science and technology. Phenolic
compounds can be released into the environment directly and
indirectly, such as industrial effluents, municipal sewage and tran-
sitional products from natural and synthetic chemicals, including
herbicide, pesticide, antiseptic and pharmacy residues[1]. In recent
years, phenolic compounds, especially chlorophenols, have been
detected in surface water and groundwater in both Asia and Europe
[2]. Thus, chlorophenols have been listed in dangerous substances
into the aquatic environment. In regular monitoring, selective
recognition and removal of target chlorophenols from complex
matrices in environmental water samples prior to the detection of
trace amount phenolic pollutants is frequently required. Thus, the
great priority has been given to the development of novel molecular
recognition and selective separation technique.

Molecular imprinting is a convenient and powerful technique to
synthesize molecularly imprinted polymers (MIP) which provides
artificial receptor-like binding sites for template molecules. These
potential binding sites were generated by polymerizing functional
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monomer and mixed with template molecules in the presence
of a cross-linking agent. Subsequently, the removal of template
molecules leaves behind imprinted cavities inside the polymer
which is complementary in shape, size and functional groups to the
template molecules [3,4]. Traditionally, MIP, prepared by bulk poly-
merization, exhibits highly selective recognition but with poor site
accessibility to the target molecules, as the template molecules and
functional groups are totally embedded inside the thick polymer
network and the binding kinetics is low [5]. Moreover, the con-
ventional bulk polymerization is complicated and time-consuming.
Therefore, much attention has been paid to the novel surface-
imprinting technique.

Surface-imprinting technique first proposed by Takagi’s group
in 1992 [6]. Subsequently, surface-imprinting process based on
inorganic matrix materials (i.e. SiO;, TiO,, a-Al, 03, CdS, ZnS quan-
tum dots, carbon nanotube, silica gel, magnetic Fe304 and so on)
which offered fast mass transfer kinetics was established [7-12].
Attapulgite (ATP) is a hydrated octahedral layered magnesium alu-
minum silicate mineral, which has a fibrous morphology with
siloxane groups in the bulk and silanol groups on its surface [13].
Due to its structural morphology and high surface area, ATP is easy
to be modified by surfactants and silane coupling agent. At the
same time, ATP is also a potential support material in synthesiz-
ing surface-imprinting polymer for its chemical, mechanical and
thermal stability together with low cost. B-cyclodextrin (3-CD) is
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a doughnut-shape cyclic oligosaccharides with a hydrophilic exte-
rior and hydrophobic internal cavity. It has been of considerable
interest as a functional monomer in molecular imprinting tech-
nique because it can build inclusion compounds with hydrophobic
molecules by various types of intermolecular interactions [14].

In this work, 3-CD/ATP composites with hydrophilic exterior
and hydrophobic internal cavity were allowed to self-assemble
with the template 2,4-DCP by bonded B-CD. Then imprint-
ing polymerization was conducted using an assistant monomer
(methylacrylic acid, MAA), a cross-linking agent (ethyl glycol
dimethacrylate, EGDMA) and initiator (2,2’-azobisisobutyronitrile,
AIBN). Bonded 3-CD and MAA could form complexes with 2,4-DCP
through the hydrophobic interaction and the hydrogen bond-
ing interaction simultaneously. After the removal of template
molecules, uniformly sized molecularly imprinted microspheres
were obtained. The adsorption properties and capacity were
demonstrated by equilibrium and batch adsorption experiments.
The selectivity of the obtained microspheres was elucidated by
performing adsorption experiments over competitive phenolic
compounds. Moreover, the regeneration of MIP was evaluated.

2. Materials and methods
2.1. Instruments and apparatus

Infrared spectra (4000-400cm~!) was recorded on a Nico-
let NEXUS-470 FT-IR apparatus (USA). Energy dispersive X-ray
spectroscopy (EDX) (SAIMADZU, SSX-550 instrument) was used
to observe the chemical composition of products. Nitrogen
adsorption-desorption analysis was done at 77 K on a Micromerit-
ics TriStar 3000 porosimeter (Norcross, GA, USA). The morphology
of MIP was obtained by scanning electron microscopy (SEM, S-
4800). Vario EL elemental analyzer (Elementar, Hanau, Germany)
was employed to investigate the surface elemental composition
of the particles. High performance liquid chromatograph (HPLC,
Shimadzu, Japan) equipped with a UV detector for the detection
of phenolic compounds (phenol, 4-CP, 2,6-DCP and 2,4-DCP). The
injection loop volume was 20 L, and the mobile phase consisted
of deionized ultrapure water and methanol with a volume ratio of
45:55. The flow rate of the mobile phase was 1.0 mLmin~!. The

oven temperature was set at 25°C and then phenol, 4-CP, 2,6-DCP
and 2,4-DCP were detected at 272 nm, 282 nm, 277 nm and 285 nm,
respectively.

2.2. Reagents and materials

ATP was supplied by Aotebang International Co. in China. Prior to
use, it was activated by calcination at 350°C for 6.0 h before it was
dispersed in 0.1 M NH4CI for 4.0 h at room temperature. EGDMA
(Shanghai Xingtu Chemical Co. Ltd., Shanghai, China) was washed
consecutively with 10% aqueous NaOH, water and brine, dried
over MgSQy,, filtered and then distilled under reduced pressure.
AIBN (Shanghai No.4 Reagent & H.V. Chemical Co. Ltd., Shanghai,
China) was recrystallized from methanol prior to use. Dimethylfor-
mamide (DMF), glycidoxypropyltrimethoxysilane (KH-560), MAA
and acetonitrile were all purchased from Chemical Reagent Cor-
poration (Shanghai, China). 3-CD and sodium hydrogen (NaH),
phenol, 2,4-DCP, 4-chlorophenol (4-CP), and 2,6-dichlorophenol
(2,6-DCP) were supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). B-CD was recrystallized with distilled water
before use. All chemicals were of analytical reagent grade, except
for, methanol which was of HPLC grade. Deionized ultrapure water
was purified with a Purelab Ultra (Organo, Tokyo, Japan).

2.3. Preparation of -CD/ATP composites

The schematic illustration of synthetic route for 3-CD/ATP com-
posites was displayed in Fig. 1a-c. In the first step, 3-CD (3.0 g) was
dissolved in 100 mL of anhydrous DMF to which NaH (0.3 g) was
added. The mixture was stirred at room temperature until no gas
was emitted, and the excessive NaH removed by filtration (Fig. 1a).
Thereafter, KH-560 (1.0 g) was added and participated in the cou-
pling reaction accompany with ring-opening process. And then the
mixture was magnetically stirred at 90 °C for 5.0 h under nitrogen
protection (Fig. 1b). Subsequently, the reaction temperature was
increased to 115°C, and ATP (5.0 g) was added rapidly into the mix-
ture. Then co-condensation between silanols from self-hydrolysis
of KH-560 and ATP surface took place simultaneously (Fig. 1c).
After being stirred for 12 h, the obtained 3-cyclodextrin/attapulgite
composites were washed with DMF, methanol and dis-

Fig. 1. The synthetic route of the 3-cyclodextrin/attapulgite composites and MIP.
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tilled water, respectively, and then dried under vacuum at
55°C.

2.4. Preparation of molecularly imprinted microspheres (MIP)

The schematic illustration of synthetic route for MIP was dis-
played in Fig. 1d-f. 2,4-DCP (1.0 mmol), 3-CD/ATP composites
(0.5 g) and acetonitrile (6.0 mL) were transferred into a 25-mL flask.
Then the flask was shaken on a constant temperature shaker (25 °C)
for 12 hin order to obtain the completely self-assembled 3-CD/ATP
composites with 2,4-DCP (Fig. 1d). After being filtrated, the satu-
rated composites, 6.0 mL of acetonitrile, assistant monomer MAA
(4.0 mmol), EGDMA (20 mmol) and the initiator AIBN (0.66 mmol)
were added in turn into a 25-mL thick-walled glass tube. Then,
the mixture was purged with oxygen-free nitrogen for 20 min, and
then the glass tube was sealed under the nitrogen and placed in
an ultrasonic bath for 20 min. Subsequently, the polymerization
was allowed to perform for 24 h in a water bath at 60°C (Fig. 1e).
The obtained polymers particles were milled through a 100-mesh
screen and washed with the mixture solution of acetonitrile/acetic
acid (95:5, v/v) using soxhlet extraction to remove the template
molecules (Fig. 1f). Finally, the obtained MIP was dried at 45°C
under vacuum. In comparison, the non-imprinted polymer (NIP)
was also prepared as a blank in parallel but without the addition of
2,4-DCP.

2.5. Batch mode adsorption studies

The factors of experimental parameters such as pH, contact time
and temperature on the adsorptive removal of 2,4-DCP were stud-
ied. For this purpose, 50 mL of aqueous solutions containing 5.0 mg
2,4-DCP were treated in a batch mode of operations, and the con-
centration of 2,4-DCP in the solvent phase was determined with
HPLC. Moreover, the equilibrium adsorption capacity (Qe, mgg=1)
was calculated according to Eq. (1), and the corresponding adsorp-
tion isotherms and kinetics curves were drew.

(G —-Ce)V

Q="

(1)
where Cp (mgL~1) and Ce (mgL-1) are the initial and equilibrium
concentration of 2,4-DCP, respectively. V (mL) and W (g) are the
solution volume and the weight of sorbent, respectively.

2.6. Selective recognition experiments

To measure the selective recognition of 2,4-DCP, the recogni-
tion of competitive phenolic compounds were performed. During
the experiment, the coexisting phenolic compound (phenol, 4-CP,
2,4-DCP and 2,6-DCP) solution in which each compound contained
5.0mg was treated according to the procedure of batch mode
adsorption studies. The distribution coefficients (Ky), selectivity
coefficients (k) and relative selectivity coefficient (k') of phenol, 4-
CP and 2,6-DCP with respect to 2,4-DCP can be obtained according
to Egs. (2)-(4).

Qe
Kq = C (2)
In Eq. (2), Ky (Lg~1) represents the distribution coefficient; Ce
(mgL-1) represents the equilibrium concentration of the each
phenolic compound in solution. The selectivity coefficient (k) for
binding of a specific phenolic compound can be obtained according
to the following equation:

Ky(2.4-
k — =d(2,4-DCP) 3)
Kyexy

Fig. 2. FT-IR spectra of B-CD/ATP composites (a), ATP (b), MIP before (c) and after
(d) leaching 2,4-DCP.

Xis the competitive phenolic compound. Arelative selectivity coef-
ficient k' can be defined as Eq. (4). ky and ky are the selectivity
coefficients of MIP and NIP, respectively.

, km
K = T (4)

3. Results and discussion
3.1. Characteristics of the MIP

FT-IR spectra of 3-CD/ATP composites (a), ATP (b), MIP before
(c) and after (d) leaching 2,4-DCP were shown in Fig. 2. For the
spectra of B-CD/ATP composites, typical bands of -CH,- around
1448 cm~! and O-H around 3424 cm~! from B-CD appeared in 3-
CD/ATP composites, and absorption peak at 3580 cm~! was also
attributed to the anti-symmetric stretching modes of molecular
water coordinated with the magnesium at the edges of the chan-
nel for ATP [15]. Compared with ATP, there were little differences
about the locality (1024cm~!) and intensity of Si-O characteris-
tic feature in 3-CD/ATP [16]. The results suggested that 3-CD was
bonded on the ATP, resulting in the grafted composites 3-CD/ATP.
For the spectra of MIP before leaching 2,4-DCP, a strong O-H band
around 3424 cm~! (typical of phenylic acid) and a C-0 band around
1176 cm~! (due to the C-O stretching) were observed, it could be
ascribed to self-assembly between 2,4-DCP and bonded B-CD [4].
After leaching 2,4-DCP, weak peaks of O-H and C-0O could also be
found in MIP, this was possibly caused by the remnants of 2,4-
DCP and (3-CD/ATP composites. Moreover, the obvious absorption
of C=0 in cross-linking agent EGDMA located at 1733 cm~!. The
results implied that rebinding 2,4-DCP by [3-CD/ATP composites
and cross-link reaction occurred and polymerization products were
successfully introduced onto the 3-CD/ATP composites.

SEM was employed to capture the detailed morphology of APT
(Fig. 3a), B-CD/ATP composites (Fig. 3b), MIP before (Fig. 3c) and
after (Fig. 3d) leaching 2,4-DCP. Compared with ATP, the surface
of 3-CD/ATP composites was ruleless and agglomerate, which was
the result of coating by the products from the cross-linking reac-
tion. From the inset in Fig. 3c and d, it can be found that MIP before
and after leaching 2,4-DCP had the similar morphology and size
distribution. The particle was aggregated by four uniformly sized
microspheres. The actual size of each particle was 8.0 pum, and uni-
formly sized diameter of microsphere was 4.0 um.
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Fig. 3. SEM images of ATP (a), 3-CD/ATP composites (b), MIP before (c) and after (d) leaching 2,4-DCP.

Elemental analysis was employed to ascertain each modifica-
tion. The results were shown in Table SI (Supporting Information).
Compared with ATP, the carbon composition in 3-CD/ATP com-
posites increased from 1.122 to 5.186%, and hydrogen composition
increased from 0.8655 to 1.244%, respectively. The results sug-
gested that 3-CD was successfully introduced onto the surface
of the ATP. After polymerization, it can be seen that carbon and
hydrogen composition were significantly increased. The increase
of nitrogen composition may be attributed the AIBN. It can also
be found that the elemental composition of the MIP was different
from that of the NIP, indicating the 2,4-DCP molecules were not
able to completely leached from the MIP. According to the results
from EDX analysis (Table SI), 49.09 mg of template 2,4-DCP was
immobilized on every gram of the MIP particles, and 15.43% of the
template 2,4-DCP was remained on the packing after washing of
the MIP.

The specific surface area, total pore volume and average pore
diameter for MIP and NIP were also listed in Table SI. They were
116.1m2g-1, 0.3013cm3g~! and 129.84, respectively, for MIP,
while these parameters were not obviously different from those of
NIP. Therefore, the distinct adsorption properties for MIP and NIP
could not entirely be attributed to the morphological differences,
but to the imprinting effect. According to the IUPAC definition, MIP
and NIP mainly possessed mesopores [17]. Moreover, the average
pore diameter for the MIP was slightly higher than that of NIP, also
strongly indicating the imprinting effect.

3.2. Effect of pH on the adsorption of 2,4-DCP

Optimization of pH value for adsorption medium plays a vital
role in the adsorption studies. The effect of pH value on the treat-
ment of 2,4-DCP by MIP was shown in Fig. SI. The adsorption
capacity for MIP decreased with the increase of pH value, while little
change was exhibited for NIP. The effect of final pH on ionization
of 2,4-DCP in aqueous solution has been reported by Sathishku-
mar et al. [18]. As a result, adsorption of neutral 2,4-DCP at pH
2.0 by chemisorption was the optimal condition for MIP. When pH
value was more than 2.0, owing to the electron-rich influence of
2,4-DCP ions and released OH™, the interactions between the 2,4-
DCP and binding sites of MIP were weakened, which indicating that

chemisorption was the preferential mode in adsorption process for
MIP [19]. At pH<2.0, the surface of MIP and 2,4-DCP positively
charged, electrostatic repulsion were not benefit for the adsorption
system. Little effect of pH value observed for NIP strongly indicated
chemisorption was just one of interactions between sorbent and
adsorbate.

3.3. Adsorption isotherms

Adsorption isotherm model is significantly important to inves-
tigate how adsorbate interact with sorbent. The equilibrium data
of MIP and NIP were then fitted to the Langmuir [20], Freundlich
[21] and Dubinin-Radushkevich [22] isotherm models. The appli-
cability of the isotherm models to the adsorption behaviours was
studied by judging the correlation coefficient (R?). The adsorp-
tion isotherm constants for NIP and MIP at three temperatures
were listed in Table 1. Moreover, comparison of Langmuir, Fre-
undlich and Dubinin-Radushkevich isotherm models for 2,4-DCP
adsorption onto MIP and NIP using non-linear regression were also
illustrated in Fig. 4.

The Langmuir isotherm model assumes uniform adsorption on
the surface and is used for describing monolayer adsorption on a
surface containing a finite number of identical sites. The linear form
is expressed by the following equation:

Ce 1 Ce
%~ QK ' Qm 3)
where Ce is the equilibrium concentration of adsorbate in solution
(mgL-1), Qe is the equilibrium adsorption capacity (mgg=1), Qm is
the maximum adsorption capacity of the sorbent, K| represents the
affinity constant.

For predicting the favourability of an adsorption system, the
Langmuir equation can also be expressed in terms of a dimension-
less separation factor R defined as follows [20]:

1

Rl=—
L= T Cnky

(6)
where Cy, is the maximal initial concentration of adsorbate. The R
indicates the favourability and the capacity of adsorption system.
When 0 <Ry <1.0, it represents good adsorption.
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Table 1
Adsorption isotherm constants for MIP and NIP.
Adsorption isotherm models Constants MIP NIP
298K 308K 318K 298K 308K 318K
Langmuir equation R? 0.9992 0.9997 0.9999 0.9921 0.9983 0.9971
Qmc (mgg) 64.94 71.42 79.36 11.55 20.49 21.28
K. (Lmg1) 0.0667 0.0716 0.1762 0.0126 0.0332 0.0350
Ry 0.03613 0.03374 0.01399 0.16556 0.07003 0.06667
AQ (%) 3513 0.6263 1.466 6.781 7.045 4.542
Freundlich equation R? 0.8662 0.8710 8210 0.9903 0.9616 0.9690
Kr (mgg") 16.7148 16.6150 27.70 1.044 5.105 5.899
n 4.057 3.765 4.948 2.6253 4344 47348
AQ (%) 4341 17.44 12.41 5.556 7.948 7.830
Dubinin-Radushkevich R? 0.9253 0.9084 09135 0.8756 0.7660 0.8454
equation Qm,c (mgg™) 63.89 72.68 79.89 9.404 17.81 20.36
Kpr (mol2 kJ2) 0.0003 0.0002 0.0002 0.0007 0.0006 0.0008
E (k] mol-1) 40.83 50.00 50.00 26.73 28.87 25.00
AQ (%) 6.670 6.622 6.629 10.55 6.982 6.526
The Freundlich isotherm model is given as follows: From Fig. 4, when the equilibrium concentration increased,
1 the equilibrium adsorption capacity (Qe) of MIP firstly increased
log Qe = log K¢ + (ﬁ) log Ce (7) sharply, then increased slightly, and finally reached to maximum

where K is an indicative constant for adsorption capacity of the
sorbent (mgg~') and the constant 1/n indicates the intensity of
the adsorption. Value of n>2.0 represents a favourable adsorption
condition [23].

In order to further analyze isotherms of MIP with a high degree
of rectangularity, Dubinin-Radushkevich isotherm model is con-
sidered, and it is described as follows [22]:

In Qe = In Qm — Kpre? (8)

where ¢ can be correlated as

£ —RT 1n(1+l) 9)
Ce

The constant Kpg is related with free energy (E, k] mol) of adsorption
per molecule of the adsorbate when it is transferred to the surface
of the solid from infinity in the solution and can be calculated by
Eq. (10):

E = (2Kpg) /2 (10)

where R is the gas constant (8.314Jmol~' k~1) and T is the abso-
lute temperature. A plot of InQ. versus &2 enables the constants
Qm and E to be obtained. Value of Kpg <1.0 represents the rough
surface with many cavities, and the great value of E (>40 k] mol-1)
expresses the chemisorption between sorbent and adsorbate.

point. But the adsorption isotherms of NIP were different from MIP
in shape. And the Q. of NIP increased tardily in the whole pro-
cess. Furthermore, with temperature increased from 298 K to 308 K
and 318K, Q. of MIP and NIP were elevated obviously, it is proba-
bly because high temperature provided more chances for 2,4-DCP
molecules to mobilize onto binding sites, and produced the enlarge-
ment of pore volume and surface area enabling 2,4-DCP molecules
to penetrate further. Moreover, MIP had better applicability for the
Langmuir isotherm model while the NIP for Freundlich isotherm
model, indicating monolayer molecular adsorption for MIP and
multi-molecular layers adsorption for NIP.

3.4. Adsorption kinetics

3.4.1. Adsorption kinetic models

In order to examine the adsorption mechanism such as mass
transfer and chemical reaction, the kinetic data obtained were
analyzed using pseudo-first-order rate equation and pseudo-
second-order rate equation [24,25]. They are described in Egs. (11)
and (12).

In(Qe — Qt) =In Qe — k1t (11)
t 1 t
e ke To (12)

Fig. 4. Comparison of Langmuir, Freundlich and Dubinin-Radushkevich isotherm models for 2,4-DCP adsorption onto MIP (a) and NIP (b) using non-linear regression.
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Table 2
Kinetic constants for the Pseudo-first-order equation and Pseudo-second-order equation.
Kinetic models Constants MIP NIP
298K 308K 318K 298K 308K 318K
Pseudo-first-order Qe (mgg1) 41.34 43.46 4413 31.01 31.54 29.74
equation Ky (Lmin~1) 0.0043 0.0024 0.0022 0.0035 0.0035 0.0060
R? 0.9153 0.9264 0.8894 0.9930 0.9955 0.9949
AQ (%) 2.557 4.345 1.312 4.586 3.281 4.808
Pseudo-second-order Qe (mgg1) 45.45 45.25 45.87 29.50 30.30 31.06
equation K> (gg ' min~1) 11.58 11.74 23.53 3.230 3.090 3.980
R? 1.000 0.9999 1.000 0.9992 0.9990 0.9997
AQ (%) 0.0245 1.195 1.306 1.431 1.576 0.6039

where Qe and Q; are the amount of 2,4-DCP adsorbed (mgg~") onto
sorbent at the equilibrium and time t (min), respectively. Values of
ki (Lmin~1) and k, (gg ' min~1) are calculated from the plot of
In(Qe — Qt) versus t and t/q; versus t, respectively.

The adsorption rate constants and linear regression values were
summarized in Table 2. The adsorption of 2,4-DCP onto MIP fol-
lowed pseudo-second-order kinetics because of the favourable fit
between experimental and calculated values of Qe (R? values above
0.9999 at different temperature). Low R? values of MIP for the
first-order kinetic model suggested that 2,4-DCP molecules were
strongly held onto the binding sites of MIP by chemical bonds,
involving valence forces through sharing or exchange of elec-
trons between sorbent and adsorbate. And it is assumed that the
adsorption process was a chemical process, which could be the
rate-limiting step in the adsorption process. Furthermore, the data
of NIP exhibited good linear relationship with two models men-
tioned above, indicating the multi-interactions such as physical and
chemical adsorption between sorbent and adsorbate.

Fig. 5 shows the plot of the experimental data of the amount
of 2,4-DCP adsorbed per unit mass of sorbent against time along
the values for the pseudo-first-order and pseudo-second-order
kinetic model. Non-linear form of pseudo-second-order kinetic

than pseudo-first-order kinetic model for MIP. From Fig. 5, both
model lines deviated substantially from the experimental points
around the first 30 min for MIP. The observed deviation from exper-
imental data could be attributed to the sharp fall in concentration
gradient after the initial rapid adsorption of 2,4-DCP molecules onto
the large amount of vacant binding sites [26,27]. Within this time
period, it was believed that there was a switch between mass trans-
fer diffusion control and pore diffusion control, and a change in
adsorption mechanism may have occurred after the first 30 min for
MIP [28,29].

Basted on the second-order model, the initial adsorption rate
and time required for the adsorption to half equilibrium value were
summarized in Table 3 according to the following equations [30]:

u=kyQ? (13)

1
b2 =1 (14)

Moreover, the second-order rate constant was also used to esti-
mate the activation energy (Ea, k] mol~1) of the 2,4-DCP adsorption
onto MIP and NIP employing Arrhenius equation [30]:

E

model studied at different temperature also showed the better fit N k2 =InA— -5 (15)
Fig. 5. Kinetic models of the effect of temperature on adsorption of 2,4-DCP onto MIP (a) and NIP (b).
Table 3
Kinetic parameters for the Pseudo-second-order equation.
Sorbents Temperature (K) u(mgg ' min-1) ti2 (h) E, (kJmol-1) r
298 23.91 1.901
MIP 308 24.52 1.864 27.63 0.8652
318 50.57 0.9168
298 2.875 10.38
NIP 308 2.908 10.55 8.116 0.7601
318 3.801 8.132
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E, could be evaluated by sloping of plot of Ink, and versus 1/T,
which were found to be 27.63 k] mol~! for MIP and 8.116 k] mol~!
for NIP. The initial adsorption rate and half-adsorption time are
usually applied for a measure of adsorption rate. Furthermore, the
value of Ea for physics adsorption is often lower than that of chemi-
cal adsorption, and the initial adsorption rate for physics adsorption
is affected slightly by temperature [31]. So the results indicated the
adsorption process for MIP attributed to chemical adsorption, and
the physics adsorption is the preferential process for NIP.

3.4.2. Intraparticle diffusion

The kinetic data can be used to study the presence or absence of
intraparticle diffusion and to determine whether intraparticle dif-
fusion is the rate-limiting step. A functional relationship common
to most treatments intraparticle diffusion is described by Weber
and Morris [32].

Qi =kt% +C (16)

where k; is the intraparticle diffusion rate constant (mg g~ ! min—0-3)
and the intercept C, obtained by extrapolation of the linear portion
of the plot of Q¢ versus t9, is an indicator to express the boundary
layer thickness.

The intraparticle diffusion plots multi-linearity indicated that
three steps were involved in the adsorption process for MIP (Fig. 6).
The first, the initial stage can be attributed to the diffusion of
2,4-DCP through the solution to the external surface of MIP and
diffusion of 2,4-DCP through the boundary layer to the surface of
MIP [28]. The second stage described the gradual adsorption of
2,4-DCP and the intraparticle diffusion was the rate-limiting step.
The last stage was attributed to the final equilibrium for which
the intraparticle diffusion started to slow down due to extremely
low concentration of 2,4-DCP left in solution. This kind of multi-
linearity in the shape of the intraparticle diffusion plot was not
observed in the adsorption of 2,4-DCP onto NIP (Fig. 6), indicating
the effect of time for adsorption of 2,4-DCP onto MIP was more
obviously than NIP.

3.5. Adsorption thermodynamics

Thermodynamic parameters such as change in Gibbs free energy
(AG°), enthalpy (AH°)and entropy (AS°) were calculated using the
following equations [23]:

In ( Qe ) _AS° AH

C/) R RT a7

Table 4
Thermodynamic parameters for the adsorption of 2,4-DCP onto MIP and NIP.

Fig. 6. Intraparticle diffusion treatment of 2,4-DCP onto MIP at various temperature.
Inset: intraparticle diffusion treatment of 2,4-DCP onto NIP at various temperature.

AG® = AH® — TAS® (18)

where Ris the gas constant (8.314] mol~! K-1) and Tis the absolute
temperature (K). Thus, AH° and AS° are obtained from the slope
and intercept of the line plotted by In(Qe/Ce) versus 1/T, respec-
tively. The obtained thermodynamic parameters for MIP and NIP
were listed in Table 4.

A negative AG° value indicated that the adsorption of 2,4-
DCP was spontaneous within the temperature range evaluated,
which was the case for many adsorption systems in solution. By
adsorption abundant 2,4-DCP onto MIP surface, the number of
water molecules surrounding 2,4-DCP molecules decreased and the
degree of the freedom of the water molecules increased. There-
fore, the positive values of AS° suggested increased randomness
at the solid-solution interface during the adsorption 2,4-DCP onto
MIP surface [33,34]. In fact, the positive value of enthalpy change
AHe further confirmed the endothermic nature of the processes, so
increasing temperature supplied with a more favourable adsorp-
tion between 2,4-DCP onto MIP.

Sorbents Temperature (K) Thermodynamic parameters
AG (kjmol-1) AH (k] mol~1) AS (Jmol-1k1)
298 —3.864
MIP 308 —4.358 10.84 49.34
318 —4.851
298 8.999
NIP 308 8.301 29.82 69.87
318 7.602
Table 5
Adsorption selectivity of MIP and NIP in a simulated effluent.
Phenolic compounds MIP NIP k'
Ce (mgL~1) Kq(Lg™) k Ce (mgg™) Kq (mgL~") k
24-DCP 10.46 4.279 - 56.99 0.3774 - -
2,6-DCP 63.16 0.2916 14.67 76.20 0.1562 2417 6.071
Phenol 87.16 0.0737 58.08 87.45 0.0717 5.261 11.04
4-CP 72.54 0.1892 22.61 78.49 0.1370 2.755 8.207
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3.6. Selectivity studies of MIP towards 2,4-DCP

Ky, k and k’ values were summarized in Table 5. From the data in
Table 5, the following facts could be found: (i) The K4 and k values
of MIP presented significant increase than those of NIP. This could
be explained by the imprinting effect, abundant binding sites with
functional groups in a predetermined orientation and special size
were available for selective recognition of 2,4-DCP onto MIP. (ii) k'
is anindicator to express the adsorption affinity of recognition sites
to the template molecules. The k’ results showed that the selective
recognition of MIP for 2,4-DCP were nearly 6.071, 8.207 and 11.04
times greater than that of NIP. (iii) The k’ values of MIP, for phenol
and 4-CP in relation to 2,6-DCP, were greater. The results could be
attributed to the fact that functional groups and molecular struc-
ture were similar between 2,6-DCP and 2,4-DCP. And the cavities
imprinted by 2,4-DCP molecules on the surface of MIP were also
suited to 2,6-DCP than phenol and 4-CP. The above results clearly
revealed that MIP possessed high recognition and binding affinity
for 2,4-DCP molecules.

3.7. Regeneration

The regeneration of sorbent, a key factor in improving
value in use, was investigated in four sequential cycles of
adsorption-desorption (Fig. SI). After four cycle’s regeneration, the
adsorption capacity of MIP for 2,4-DCP was about 8.111% loss in
pure 2,4-DCP solution, about 10.73% loss in coexisting phenolic
compounds solution. The MIP was shown to be promising for regen-
eration without significant loss in adsorption capacity, even in
competitive environment.

4. Conclusions

In the present investigation, uniformly sized molecularly
imprinted microspheres (MIP) were successfully prepared and
evaluated as sorbent for recognitive adsorption of 2,4-DCP in
aqueous solution. The results of characterization, kinetics, thermo-
dynamics, selectivity and regeneration were summarized below:

(1) The molecularly imprinted microspheres, with uniformly
sized diameter of 4.0um, were synthesized using [-
cyclodextrin/attapulgite composites as support.

(2) The optimum condition for adsorption of 2,4-DCP was found
to be pH 2.0. The proposed binding mechanism may be hydro-
gen bonding-electrostatic interactions, and the thermodynamic
analysis presented the endothermic, spontaneous and entropy
gained nature of the process.

(3) Equilibrium data were described by Langmuir, Freundlich and
Dubinin-Radushkevich isotherm models, and the maximum
adsorption capacity for MIP were 62.14mgg-!, 70.95mgg-!
and 77.96 mgg~! at 298K, 308 K and 318K, respectively.

(4) Kinetics experiments showed that MIP offered a fast kinetics for
adsorption of 2,4-DCP, and a diffusion-controlled process as the
essential adsorption rate-controlling step was also proposed.

(5) The selectivity studies suggested that the selective recognition
of 2,4-DCP for MIP was nearly 6.0-11.0 times greater than that
of NIP.

(6) MIP was applied in four cycle’s regeneration without significant
loss in adsorption capacity.
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