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ABSTRACT

Water pollution is a serious threat to the human beings’ survival and development and a uni-
versal problem across community society. In this work, a novel B-cyclodextrin (3-CD) hydro-
gel was successfully synthesized by polycondensation reaction using epichlorohydrin (EPI)
and B-CD under basic condition, and the swelling ratio at room temperature was up to 181%.
The adsorption behavior and adsorption mechanism of EPI crosslinked -CD were evaluated
by using acid orange 7 (AO7) as a model dye. We found that the adsorption process obeyed
the pseudo-second-order kinetic model, and the maximum adsorption capacity of AO7 was esti-
mated to be 132 mg g™, which is much higher than the bamboo charcoal, titanium dioxide and so
on. Moreover, intraparticle diffusion model indicates that the adsorption process can be divided
into three stages: diffusion of the AO7 to 3-CD hydrogel surface, intraparticle diffusion, estab-
lishment of the adsorption equilibrium, and the host-guest interaction between the hydrophobic
naphthyl group and the cavity of 3-CD plays the decisive role in the adsorption of AO7 onto
-CD hydrogel.

Keywords: Absorption; 3-CD hydrogel; Azo dyes; Kinetics; Isotherms

1. Introduction safety and public health, efficient strategies for removing
toxic azo dyes from wastewater by the means of chemical,
physical and electrochemical methods have been developed.
However, adsorption over porous materials has aroused to be
one of the most promising approaches for water purification

Azo dyes, as an important class of colorants, have been
used in several industries including textile, paper, leather and
plastics [1-3]. With increasing concerns over environmental
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during past decades, because of its higher efficiency, lower
cost and reuse [4-7]. Acid orange 7 (AO7) is one of the most
common azo dyes, which is also often employed as a model
pollutant in wastewater.

Over the past decades, there has been great interest in
the research of the application of -CD-based materials
for drug delivery, wastewater treatment, chiral separation,
catalysis and so on, owing to its unique structural char-
acteristics and physical-chemical properties [8,9]. 3-CD is
cyclic oligosaccharides consisting of seven glucose units
linked by a-1,4-glycosidic linkages, which has hydrophilic
external face and hydrophobic internal environment [10].
As shown in Fig. 1(c), one of the most important features
of B-CD is that the internal cavity is capable of encapsu-
lating lipophilic compounds by forming inclusion com-
plexes through host—guest interaction of which solubilize
otherwise insoluble compounds in water [11]. The Harada
group has prepared a series of supramolecular assemblies
using B-CD inclusion complexes with adamantly [12,13],
cinnamenyl [14] and azobenzene [15]. The chemical struc-
ture of AO7 is shown in Fig. 1(b), which contains a hydro-
phobic naphthyl group that attached to the hydrophobic
cavity of p-CD.

Since B-CD exhibits a decent solubility in water, and
B-CD cannot be directly used for water treatment. Thus,
B-CD must be grafted onto the surfaces of insoluble sub-
stance or integrated into hydrophobic polymer. Compared
with two methods, p-CD-based polymer contains more
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B-CD structural unit, and can effectively improve the com-
plexation capacity of P-CD-based materials [16-19]. To
date, numerous B-CD-based polymers have been studied,
the structure of [3-CD-based polymers is mainly divided
into three categories: graft polymer [20], linear block poly-
mer [21] and reticulation polymer [22,23], which are shown
in Fig. 2. B-CD-based reticulation polymers maintain the
cavity structure, and the three-dimensional porous struc-
tures provide enhanced absorptive capacity. Among these
methods, polycondensation reaction using epichlorohy-
drin (EPI) represents an effective method to prepare water-
insoluble, crosslinked p-CD-based materials.

Herein, we aimed to explore the adsorption mechanism
of B-CD-based adsorbent prepared by polycondensation
reaction between 3-CD and EPI. By applying theoretical
adsorption kinetic and adsorption isotherm models the
adsorption progress obeyed pseudo-second-order kinetic
model, and the maximum adsorption capacity of AO7 was
estimated to be 132 mg g through the Sips isotherm model.
Furthermore, the results also showed that the host—guest
interaction between hydrophobic naphthyl group and 3-CD
plays a critical role in the adsorption behavior of AO7.

2. Experimental setup
2.1. Materials

B-Cyclodextrin (3-CD), AO7 sodium salt and sodium
hydroxide (NaOH, AR, purity 296.0%) purchased from
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Fig. 1. The chemical structures of 3-CD (a) and AO7 (b); the formation of CD inclusion complexes (c) and the preparation of 3-CD

hydrogel (d).
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reticulation polymer

Fig. 2. The structures of 3-CD-based polymer: graft polymer, block polymer and reticulation polymer.

Signopharm Chemical Reagent Co., Ltd. (Shanghai, China).
EPI (AR, purity 299.0%) was purchased from Shanghai Ling
Feng Chemical Reagent Co., Ltd. (Shanghai, China). All
reagents were used directly without any purification.

2.2. Preparation of B-CD hydrogel

B-CD hydrogel was synthesized according to the similar
method as previously reported [22]. Briefly, B-CD (5.00 g,
4.41 mmol) was added into a NaOH (30 wt%, 8 mL) aqueous
solution. The mixture was stirred at room temperature until
the solid completely dissolved. EPI (5.19 mL, 66.2 mmol) was
then added dropwise to the mixture at 40°C. The reaction
mixture was stirred for another 6 h at 80°C. The final product
is a translucent solid gel and washed repeatedly with deion-
ized water to remove excess NaOH and unreacted reactant.
The resultant translucent gel was immersed in deionized
water and the water was replaced every 6 h for 2 d. Finally,
the prepared p-CD hydrogel were freeze-dried and dried in
vacuum prior to use.

2.3. Characterization methods

The infrared spectra of reactants and products were
obtained on a Nicolet iS50 Fourier transform infrared spec-
trometer (FTIR; Thermo Fisher, USA) using KBr pellets. The
micrographs of -CD hydrogel were obtained using JSM
6510LV scanning electron microscope (SEM; JEOL, Japan).
The swelling ratio of 3-CD hydrogel in water was measured
to be 181% at room temperature.

The swelling ratio of 3-CD hydrogel was determined by
the following Eq. (1) [24]:

(Ws _Wd)
Q,, = W x100% (1)

where Q_ is the swelling ratio of 3-CD hydrogel, W_is the
weight of the swollen sample at saturation (g) and W, is the
weight of the dried (3-CD hydrogel.

AQ7 aqueous solutions were prepared at specific con-
centrations ranging from 10 to 500 ppm. The maximum

absorption wavelength of AO7 aqueous solutions at about
484.5 nm was obtained on a UV-visible spectrophotometer
(UV762, Shanghai, China), and selected for monitoring the
adsorption process. The concentration of AO7 present in
solution after the adsorption experiment was determined
by UV-visible spectroscopy using a calibration curve of the
absorbance vs. the concentration.

2.4. Adsorption study with AO7

A series of adsorption AO7 experiments were carried
out under different conditions including temperature, ini-
tial concentration and pH. In this experiment, 30 mg dried
B-CD hydrogel and 40 mL of AO7 aqueous solution were
placed in 50 mL Erlenmeyer flasks, then placed in a water
bath immediately.

The amount of adsorbed dye onto 3-CD hydrogel was
determined by the following equation:

g, - (G -C)V @)
m

where g, is the amount of adsorbed dye at equilibrium per

gram of material (mg g™'); C, is the initial concentration of

dye (mg L) in solution; C, is the concentration of dye on the

equilibrium (mg L™); V is the volume of dye solution (L) and

m is the mass of the adsorbent (g).

2.5. Adsorption kinetics and adsorption isotherm models

The experimental data of adsorbed AO7 onto (-CD
hydrogel were fitted with the theoretical adsorption kinetics
and isotherm models. And then, the results of simulation via
different models were compared and analyzed to evaluate
the adsorption kinetics and isotherm models.

In this study, the adsorption progress was fitted
using pseudo-first-order [25], pseudo-second-order [26],
chemisorption [27], fractionary order [28] and intraparti-
cle diffusion models [29]. And, the equilibrium data were
fitted using Freundlich [30], Langmuir [31] and Sips [32]
models.
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3. Results and discussion
3.1. Fourier transform infrared spectroscopy

For adsorption performance of 3-CD hydrogel, the struc-
tural integrity of 3-CD is a crucial factor. FTIR is an effective
method to characterize the chemical structures of insolu-
ble, crosslinked materials. Fig. 3 shows the infrared spectra
of reactants and products. The characteristic peak of a-1,4-
glycosidic bonds of B-CD was observed at 857 cm™, and
the characteristic O-H stretching vibration peaks and CH,—-
asymmetrical stretching vibration from [3-CD were observed
at 3,445 and 2,923 cm™, respectively. The characteristic peak in
the range of 1,134—1,049 cm™ is due to the C-O and C-O-C
stretching. Compared with -CD, the characteristic peak at
2,881 cm™ of 3-CD hydrogel is assigned to the C-H stretch-
ing vibration, and the change of the peak of the O-H bond is
due to the relative increase of O-H after reaction. In the FTIR
spectrum of dried 3-CD hydrogel, however, the characteris-
tic peak of B-CD stays same as initial 3-CD. This indicates
that the structure of -CD did not change during the process
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Fig. 3. The infrared spectra of reactants and products of 3-CD
(a), dried B-CD hydrogel (b) and dried -CD hydrogel after
adsorption (c).
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Fig. 4. SEM micrographs of 3-CD hydrogel at different magnifications of 3-CD hydrogel before the adsorption of AO7 (a) and (c);

and 3-CD hydrogel after the adsorption AO7 (b) and (d).
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of preparation of 3-CD hydrogel. Compared with the char-
acteristic peak O-H of p-CD hydrogel, the split peak occur
remarkably in the range of 3,550—3,416 cm™ is due to the
association (hydrogen bond) between —-OH of 3-CD hydrogel
and -SO,” or -OH of AO?7.

3.2. Scanning electron microscopy

SEM images of the 3-CD hydrogel show distinct dif-
ferent microstructure before and after adsorption. Figs. 4(a)
and (c) show the porosity 3-CD hydrogel, which the pores
are uniformly distributed in the 3-CD hydrogel. And, the
distribution of pore size ranges from 1 to 10 pm. However,
compared with the micrographs of the initial 3-CD hydro-
gel, we can observe that the pore is filled with AO7 from
B-CD hydrogel after the adsorption AO7 (Figs. 4(b) and
(d)). Furthermore, the images of the color change of the
dried B-CD hydrogel before and after adsorption shown in
Figs. 4(a) and (b). Therefore, it is a crucial pore structure that
-CD hydrogel can adsorb AO7.

3.3. Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) of 3-CD hydrogel
and B-CD hydrogel/AO7 (representing the 3-CD hydrogel
after adsorption AO7?) is shown in Fig. 5. In the TGA plot,
the weight loss of 3-CD hydrogel or 3-CD hydrogel/AO7 can
be divided into three stages, and the detailed weight loss in
each step is shown in Table 1. In the first stage, the weight
loss of water illustrates the property of water absorbing in
[-CD hydrogel. However, the weight loss in the both second
and third stages is attributed to the decomposition of 3-CD
hydrogel. The only difference is that the weight loss in the
third stages is mainly attributed to the decomposition of
crosslinking point in 3-CD hydrogel. Furthermore, the initial
temperature in second stage is up to 280°C indicating its high
thermal stability.

3.4. Effect of the pH value

The effect of the pH value on the adsorption capacity
was studied as shown in Fig. 6. Obviously, the equilib-
rium adsorption capacity in acidic or alkaline condition is
higher than neutrality condition. 3-CD hydrogel contains
a large number of hydroxyl groups. In acidic condition,
the hydroxyl groups combine hydrogen ions to form a
positively charged group (-OH,"). In alkaline condition,
however, the hydroxyl groups ionize to form a nega-
tively charged group (-O°). The microporous volume of
B-CD hydrogel increases in acidic or alkaline condition
owing to the electrostatic repulsion, and the equilibrium

Table 1
Weight loss of 3-CD hydrogel or -CD hydrogel/AO7

Stage Temperature B-CD hydrogel {-CD hydrogel/
(°C) (wt%) AO7 (wt%)

First step 40-120 7 6

Second step  280-430 75 69

Third step ~ 470-600 18 25

adsorption capacity increases. Furthermore, the equi-
librium adsorption capacity in acidic is obviously lower
than alkaline condition, because the p-CD is decomposed,
partially.

3.5. Adsorption kinetic studies

Enough contact time to adsorb AO7 onto (3-CD hydrogel
is crucial to study the adsorption process. The adsorption
kinetic experiments were executed at 298 K, in which a
30 mg sample of dried 3-CD hydrogel and 40 mL of AO7
aqueous solution were placed in a 50 mL beaker. The adsorp-
tion kinetics of AO7 was monitored as a function of time by
measuring the absorbance of samples. In the first 480 min, the
relationship between adsorption quantity and time is shown
in Fig. 7(a). The adsorption process was similar to other
adsorption, which the amount of AO7 adsorption increases
with the increasing of contact time or initial concentration,
and the rate of adsorption decreases with the increasing of
contact time and slowly reached to zero at last. Furthermore,
the rate of adsorption increases with the increasing of initial
concentration at the early stage of adsorption.

To study the adsorption process, the adsorption
kinetic experiment was carried out at a fixed adsorbent
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Fig. 5. TGA of 3-CD hydrogel and (3-CD hydrogel/AO?7.
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Table 2
Kinetic parameters for AO7 adsorption onto 3-CD hydrogel
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concentration (0.75 mg mL™) and temperature (298 K) at
various initial AO7 concentrations. At the same time, the
fundamental kinetic models were employed using nonlin-
ear fitting method as shown in Fig. 7(b). And, the rele-
vant kinetic parameters, with the initial concentration of
AQO7 was 10 ppm, are shown in Table 2. Obviously, the
pseudo-second-order kinetic model presented the best fit-
ting, and the correlation coefficients (R?) varied close to 1
(R>> 0.999).

In order to verify whether the adsorption progress also
obey pseudo-second-order kinetic model at different initial
AO7 concentrations (from 10 to 40 ppm), the experimental
data of the adsorption for AO7 onto 3-CD hydrogel were
fitted according to nonlinear and linear fitting method as
showninFigs.8(a)and (b). Furthermore, therelevant pseudo-
second-order kinetic parameter values of AO7 adsorption
for B-CD hydrogel at different initial concentrations are
shown in Table 3. k, is the pseudo-second-order rate constant
obtained via the slope and intercept of linear pseudo-
second-order equation or the parameters of nonlinear
pseudo-second-order equation, and k, equal to the square
of the slope divided by the intercept when the t/q, was plot-
ted against t. The amount of AO7 adsorbed at equilibrium
obtained from experiment at different initial concentra-
tions was very close to the theoretical value. And the cor-
relation coefficients (R?) were very close to 1 (R*>0.999) at
different initial concentrations. These results indicated that
the progress of adsorbed AO7 onto B-CD hydrogel obey
pseudo-second-order kinetic model under different initial
concentration.

In order to thoroughly understand the different stages
of adsorption process, the intraparticle diffusion model was
employed to calculate the diffusion rate constant and assess
the effect of resistance during the every stage of the adsorp-
tion for AO7 onto 3-CD hydrogel.

Kinetic model Equation Parameter Data
Pseudo-first-order g, =q.[1- ot ] q, (mg ifl) 3.51 ;
k, (min) 2.36 x 10
R? 0.9784
Pseudo-second-order kgt q,(mgg™) 3.95
= 2%e” 1 il < 103
q; 1+ kgt k, (g mg™ min™) 7.85x 10
R? 0.9998
t 1 t
—_— 5 + —
9. kd. 4.
Chemisorption (Elovich) 1 1 a (mg g min™) 0.367
q, = Eln(aﬁ) + Eln(f) B (g mg™) 1.40
R? 0.9749
Fractionary order (Avrami) _ [ 1= vt J g, (mg g™ 3.51
=1 k,, (min) 8.46 x 10
M,y 0.280
R? 0.9769

Note: g, and g, (mg g™') are the amount of adsorbed AO7 at time t and equilibrium, respectively; ¢ (min) is the time of adsorption; k and k, are
the rate constant of pseudo-first-order and pseudo-second-order, ac and 3 are the initial adsorption rate of Elovich model and Elovich constant,
respectively; k,, and 7, are the Avrami kinetic constant and the fractionary reaction order (Avrami), respectively.
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Fig. 8. Simulations of pseudo-second-order kinetic models of
AQ7 adsorption at different initial concentration according to
nonlinear (a) and linear (b) fitting method.

Table 3
Pseudo-second-order kinetics constants for AO7 adsorption onto
[-CD hydrogel

Co qp(exp) q[(cal) kz R
(ppm) (mgg') (mgg') (gmg’min’)

10 3.764 3.951 7.853 x 10 0.9997
15 4.545 4.822 5.508 x 10 0.9997
20 5.595 6.163 3.523 x 10 0.9999
30 7.264 7.747 3.645 x 10 0.9999
40 8.423 8.567 6.168 x 10 0.9996

Note: C, is the initial concentration of AO7 aqueous solution;
T expy A0 4, are the amount of adsorbed AO7 at equilibrium from
the experimental measurements and the theoretical calculation,
respectively.

Intraparticle diffusion model equation is shown as
follows:

q,:kid\/;+c (3)

where k,, is the intraparticle diffusion rate constant; ¢ (min)
is the time of adsorption.

Fig. 9(a) shows the relationship between the amount
of adsorbed AO7 at time ¢ (g,) and the square root of time
(time®®). Through linear fitting, this adsorption process
can be divided into three stages. The first stage, which can
described as AO7 diffusion process up to in solution,
can be considered the faster adsorption stage, owing to
the least resistance (Fig. 9(b) from A to B). In this stage,
the driving force of adsorption is mainly the interaction
between adsorbent and adsorbate, and the concentration
difference between solution and B-CD hydrogel surface.
Thus, it is noteworthy that the adsorption rate of this
stage increases with the increasing initial concentration.
The second stage can described as intraparticle diffusion,
which adsorption rate of this stage is slower than first
stage owing to the resistance of 3-CD hydrogel (Fig. 9(b)
from B to C). In this stage, the driving force of adsorption
is only the concentration difference between surface and
intraparticle 3-CD hydrogel. The last stage can be con-
sidered the establishment of the adsorption equilibrium.
And, the adsorption rate of this stage is very close to zero
but not equal to zero, which is due to the formation of
B-CD inclusion complex with AO7 as shown in Fig. 9(b)
(inset D) [33].

3.6. Equilibrium adsorption isotherms studies

Adsorption isotherm is most important data source
for practical application and fundamental understanding
of the 3-CD-based hydrogel adsorbents. In order to gain a
deeper understanding of the adsorption mechanism and
the maximum adsorption capacity for AO7 of 3-CD hydro-
gel, adsorption isothermal experiment for AO7 onto 3-CD
hydrogel were conducted at different initial AO7 concentra-
tions (from 10 to 500 ppm) over 600 min at 298 K. Moreover,
theoretical isotherm models were employed to study the
interactive behavior between AO7 and (3-CD hydrogel. The
simulations of isotherm models of the adsorption for AO7
onto B-CD hydrogel according to nonlinear method are
shown in Fig. 10. The relevant isotherm models parame-
ters for AO7 adsorption onto 3-CD hydrogel were shown in
Table 4. By comparison, the Sips isotherm model presented
the best correlation, which the value of the correlation coef-
ficient (R?) was up to 0.9972. This means the adsorption for
AQO7 adsorption onto 3-CD hydrogel was multilayer adsorp-
tion at low concentrations.

4. Conclusions

In this work, pB-CD hydrogel was synthesized by
using EPI as an effective crosslinking agent. The adsorp-
tion behavior was investigated at various pH and dye
concentration. We found that the equilibrium adsorp-
tion capacity in acidic or alkaline condition is higher
than neutrality condition. The results showed that the
pseudo-second-order kinetic model presented best fit to
the adsorption progress compared with other theoretical
kinetic models, and the isothermal adsorption was iden-
tical with Freundlich isotherm model at low tempera-
ture. The further study of adsorption mechanism showed
that this f-CD hydrogel is promising to apply in water
treatment.
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Fig. 9. Simulation of intraparticle diffusion model (a) and the illustration of adsorption process at different stage (b).

Table 4
Isotherm parameters for AO7 adsorption onto 3-CD hydrogel
50 Isotherm  Equation Parameter Data
model
40 + Langmuir 7 - q.K,C, g, (mg g™) 66.73
‘ 1+K,C, K, (Lmg™) 4.380 x 10
o 30 - R? 0.9913
“En Freundlich ¢4 =g C!'" K, (mgg) 1.198
E ol (L mg™)"
> ", 1.672
R? .
10 - m  Experimental date Si Un . (1)391923
—— Langmuir 'ps q, = 4:KC " A (mgg™) i
—— Freundlich ¢ 1+kCVe Ko (Lmg) 5.860 x 107
0+ 5<e
— Sips g 1.358
0 100 200 300 400 500 R 0.9972
C, (ppm) Note: q,and g, (mg g™) are the amount of adsorbed AO7 at equilibrium

and the theoretical saturation capacity, respectively; C, is the concentra-
tion of AO7 at equilibrium; K| is the constant of Langmuir model; K
and n, are the constant and exponent of Freundlich model, respectively;
K, and n, are the constant and exponent of Sips model, respectively.

Fig. 10. Adsorption isotherms of AO7 for 3-CD hydrogel from
aqueous solutions and simulations obtained using theoretical
isotherm models.
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