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Composite hydrogel beads containing chitosan and halloysite nanotubes (HNTs) with a well defined
structure were prepared by the dropping and pH-precipitation method. The influence of HNTs on the
appearance, diameter, microstructures, and thermal stability of the chitosan beads was characterized.
The composite hydrogels exhibit slightly increased diameter and improved thermal stability. A rough sur-
face and high concentration of the nanotubes in the bead core are found in the composite beads. The
hydrogel beads were employed as absorbents for removal of methylene blue and malachite green from

Keywords: aqueous solutions and the fundamental adsorption behavior was studied. Both Langmuir isotherm and
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Composite Freundlich isotherm models can fit the isotherm absorption data well. The addition of HNTs can signif-
Adsorption icantly increase the adsorption rate of chitosan beads for the two dyes. Moreover, with the increase of

the amount of hydrogel beads in the dye solution, the removal ratio of dyes increases but the absorption
amount per unit absorbent weight gradually reduces. The adsorption kinetics closely follows pseudo-sec-
ond order model. The regeneration experimental shows that the adsorption ability of all the beads can be
recovered especially for methylene blue. So the chitosan-HNTs composite hydrogels can be potentially
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used for the removal of dyes from wastewater.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

It is important to find an effective way of dyes pollution treat-
ment for our environment, because dyes are harmful to human
beings and toxic to microorganisms [1]. The dyes can cause the
decrease of water transmittance and hinder the growth of bacteria
and other micro-organisms simultaneously. Furthermore, the dyes
can disturb the aquatic photosynthesis and damage the ecosystem
[2,3]. To address this problem, various natural or synthesized
materials have been used for treatment of the wastewater by
adsorption of the dyes.

Chitosan, a cationic polysaccharide, contains amino groups and
hydroxyl groups, which generates strong adsorption and complexa-
tion interactions with dyes via the hydrogen bonding, electrostatic
attraction, ion exchange and van der Waals force, etc [4-6]. The
adsorption types include physical adsorption, chemical adsorption
and ion exchange adsorption, so chitosan-based adsorbent materi-
als can absorb all kinds of dye molecules [7,8]. Although chitosan
has many advantages as an adsorbent for dyes wastewater [9-15],
the dye adsorption amount and adsorption rate of chitosan needs
to be further improved for practical applications [16].
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One routine for solving this problem is to design and prepare
chitosan nanocomposites. There are strong interactions between
chitosan and nanoparticles [17-20], which is responsible for the
enhancement of the adsorption properties. For example, the
adsorption performance of chitosan hydrogel beads was improved
by the incorporation of multiwalled carbon nanotubes (MWNTSs)
for removal of congo red [21]. Graphene oxide (GO) was added into
the porous spongy chitosan by the freeze-drying method. The
chitosan-GO composite sponges could be used as adsorbents for
methyl orange and Cu?* ions [22]. Chitosan intercalated montmo-
rillonite (Chi-MMT) was prepared by Monvisade et al. and the
adsorption capacities of Chi-MMT for all basic dyes increased
[23]. Copello et al. synthesized chitosan composite hydrogels by
adding SiO, hybrid mesoporous materials via the sol-gel method,
and the prepared composites had potential applications as biosor-
bents [24].

Halloysite is a clay mineral composed of myriad thin tubular or
fibrous crystals, which is a product by weathering and depositing
[25-27]. The application of halloysite is similar to that of kaolinite,
including ceramic raw materials, catalysis, and polymer nanofil-
lers. Halloysite shows short tubular structures with high aspect
ratio (ca. 20), thus it is usually called as “halloysite nanotubes
(HNTs)” [28]. HNTs are widely used in the areas of electronics,
catalysis, biological and functional materials due to their


http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2014.09.003&domain=pdf
http://dx.doi.org/10.1016/j.micromeso.2014.09.003
mailto:liumx@jnu.edu.cn
mailto:tcrz9@jnu.edu.cn
http://dx.doi.org/10.1016/j.micromeso.2014.09.003
http://www.sciencedirect.com/science/journal/13871811
http://www.elsevier.com/locate/micromeso

Q. Peng et al./ Microporous and Mesoporous Materials 201 (2015) 190-201 191

submicron hollow tubular structure, rich reactive groups, and large
surface/volume ratio [29]. Compared with other tubular nanoma-
terials (such as carbon nanotubes (CNTs)), natural HNTs are cheap
and environmentally friendly [30-32]. Due to these excellent prop-
erties, HNTs can be used as cheap and efficient adsorbents for dyes
wastewater (such as methylene blue) [32,33]. However, the direct
application of HNTs powder as dye adsorbent is limited, since
HNTs will swell and form a highly stable colloidal suspension upon
contacting with water, making their separation from water very
difficult. In addition, the use of HNTs powder as an adsorbent
material in columns is limited due to the low permeability of the
compacted HNTs [34]. As a result, constructing composite bead
adsorbent by combing HNTs and biopolymers is critical for practi-
cal applications, since they exhibit improved mechanical strength
and dye adsorption performance.

The individual features of chitosan and HNTs have inspired us
the feasibility of combining them to make an effective composite
material for dyes removal. Based on the interactions between
chitosan and HNTs [35,36], this work prepared chitosan—-HNTs
composite hydrogel beads by the dropping and pH-precipitation
method [37,38]. The influence of HNTSs on appearances, size, micro-
structure, thermal stability of the chitosan was investigated firstly.
Methylene blue and malachite green were selected as models to
evaluate the capacity of chitosan-HNTs hydrogel beads for the
removal of dyes from aqueous solutions [39,40]. This work pro-
vides a novel routine for preparing dye adsorption materials by
simple fabrication method with high performance as well as low
cost.

2. Experimental
2.1. Raw materials

Chitosan (CS) was supplied by Jinan Haidebei Marine Bioengi-
neering Co. Ltd (China). The deacetylation and viscosity-average
molecular weight were 95% and 600,000 g mol~' respectively. Hal-
loysite was mined from Hunan province, China. Before using, hal-
loysite was purified according to the reference [27]. The
elemental composition of purified HNTs by X-ray fluorescence
(XRF) was determined as follows (wt.%): SiO,, 54.29; Al,Os,
44.51; Fe,03, 0.63; TiO,, 0.006. The Brunauer-Emmett-Teller
(BET) surface area of HNTs was 50.4 m? g~!. Methylene blue (MB)
and malachite green (MG) were analytical grade and used as
received without further purification (Scheme 1). Ultrapure water
from Arium 611 Ultrapure Water Systems (Sartorius, Germany)
was used to prepare the aqueous solutions.

2.2. Preparation of chitosan-HNTs composite hydrogel beads by using
dropping and pH-precipitation method

The pure chitosan and chitosan-HNTs composite hydrogel

beads were prepared by the dropping and pH-precipitation
method. The procedure was as follows: 2 g chitosan powder and

(a)

2 mL acetic acid were added to 100 mL deionized water. By stirring
for 6 h, 2 wt.% chitosan solution was prepared. Then 0.5, 1, 2, 4 g
HNTs powder was added into the solution under stirring for 6 h
to obtain homogenously dispersed chitosan-HNTs dispersion.
The drop-wise addition of the dispersions into a precipitation bath
containing 1 mol L~! NaOH solution under mild stirring gave rise
to the chitosan-HNTs composite hydrogel beads. Pure chitosan
bead was prepared with similar procedure but without addition
of HNTs. The beads were extensively washed with deionized water
and preserved in an aqueous environment for future use. The
weight ratio of chitosan and HNTs was 2:1, 1:1, 1:2, 1:4, and which
was referred to CS2N1, CS1N1, CS1N2, and CS1N4, respectively.

2.3. Structure characterization of chitosan—-HNTs composite hydrogel
beads

2.3.1. Determining the diameter of the hydrogel beads

The diameters of the hydrogel beads were determined by using
the optical microscope. At least, 100 beads were tested for every
group and the averages were calculated.

2.3.2. Scanning electronic microscopy (SEM)

The hydrogel beads were soaked in ethanol solution and dried
under room temperature. Afterward, the samples were cut by
using a blade to observe the structures using of SEM (Ultra55,
ZEISS).

2.3.3. Thermogravimetric analysis (TGA)

TGA of the dried chitosan and chitosan-HNTs hydrogels was
carried out with a NETZSCH TG 209 F3 Tarsus® from 30 °C to
600 °C at a heating rate of 10 °C min~! under N, atmosphere. This
experiment was used to study the thermal degradation behavior of
the hydrogel beads.

2.4. Dyes adsorption properties of chitosan-HNTs hydrogel beads

Batch adsorption experiments were conducted and equilibrated
using a thermostatic shaker bath operated at 90 rpm at room tem-
perature (30 °C). All adsorption experiments were repeated at least
three to ensure accuracy of the obtained data. The dye concentra-
tions in the solutions were determined at the wavelength of
630 nm by using MK3 microplate reader (THERMO LABSYSTEM,
USA). The amount of MB and MG adsorbed on hydrogel was calcu-
lated by the following equation:

qe — (CO ;VCE)V (1)

where ¢, is the amount of dye adsorbed onto the unit amount of the
hydrogel (mg g 1), cq is the initial concentration of dye (mgL™'), ¢,
is the final or equilibrium concentration of dye (mgL™!), V is the
volume of the dye solution (L) and W is the weight of hydrogel bead
(2).

CHy

Scheme 1. Chemical structures of methylene blue (a) and malachite green (b).
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The equilibrium isotherm was determined by placing the
hydrogel beads into a series of MB solutions (5 mL) with concen-
trations ranged from 0.04 to 0.24 g L~ or MG solution (2 mL) with
concentrations ranged from 0.45 to 1.05gL~!. The remaining
amount of dyes in the aqueous solution was then determined at
24 h for MB and 14 day for MG (far above the adsorption equilib-
rium time).

The adsorption kinetics was analyzed by placing the hydrogel
beads into 5 mL 0.16 g L~! MB solution or 2 mL 0.75 g L~! MG solu-
tion. For the adsorption kinetics, three kinetic models, namely, the
pseudo-first-order, pseudo-second order, and intra-particle diffu-
sion were carried out to fit the experimental data.

The influence of adsorbent dosage on dyes adsorption was
examined by adding 0.002-0.01 g hydrogel beads into 5 mL
0.16 g L~! MB solution or 2 mL 0.75 g L~! MG solution.

2.5. Desorption and reusability experiments

0.5 mol L~! NaOH aqueous solution and acetone were selected
to desorb MB and MG dyes absorbed on the hydrogel beads respec-
tively. After removing the beads from the desorption medium, the
dye concentrations were determined by MK3 microplate reader at
the wavelength of 630 nm. The regenerated hydrogel beads were
placed into 5mL 0.16 gL~' MB solution or 2mL 0.75gL™! MG
solution again. When absorption equilibrium reached, the remain-
ing amount of dyes was determined.
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3. Results and discussion

3.1. Appearance and diameter of chitosan-HNTs composite hydrogel
beads

Fig. 1 shows the appearance of prepared wet and dried hydrogel
beads. It can be seen that the transparency of hydrogel beads is

Fig. 1. Appearance of chitosan and chitosan-HNTs hydrogel beads in wet and dry
state.
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Fig. 2. Diameter of CS, CS2N1, CSIN1, CS1N2, CS1N4 wet hydrogel beads.



Q. Peng et al./ Microporous and Mesoporous Materials 201 (2015) 190-201

reduced upon the addition of HNTs [37]. For dried beads, the larger
proportion of HNTSs in the composite is, the more significant white
color for the beads displays. All the wet beads are spherically
shaped with smooth surface, while a noticeable reduced size is
observed after drying. The increasing trend of size for chitosan-
HNTs composite hydrogel beads is more remarkable in the dried
state, because the composite beads have more materials content
compared with the pure chitosan bead. The drops of the aqueous
chitosan-HNTs dispersion in contact with the alkali solution do
not generate opalescence, suggesting that HNTs are immobilized
by chitosan hydrogel and fully incorporated into the beads’ struc-
ture [34,37]. Meanwhile, the hardness of hydrogel beads increases
by HNTs via hand touching the beads.

Fig. 2 shows the diameter distribution of the prepared wet
hydrogel beads. All the samples show normal particle size distribu-
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tion. The average diameter of the hydrogel beads ranges from 2.29
to 2.75 mm. There is a slightly increased trend in bead size with the
HNTs loadings. The change of average particle diameter is related
to the viscosity variation of the dispersion [35]. Due to the
increased viscosity, the composites beads show greater diameter
than that of pure chitosan beads. Previous reports showed that
the size of composite hydrogel beads composed of chitosan and
laponite [41] or alginate-HNTs [37] was not affected by the addi-
tion of the nanoclay.

3.2. Microstructure of chitosan-HNTs composite hydrogel beads

To investigate the influence of HNTs on the microstructures of
the dried chitosan bead, SEM observation was conducted [42]. As
shown in Fig. 3, the pure chitosan bead exhibits smooth outer
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Fig. 3. Internal (C, F, I, L and O) and external (A, B, D, E, G, H, ], K, M and N) structure of chitosan-HNTs hydrogel beads. The concentration of HNTs is gradually increased from

top to bottom.
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(Fig. 3A and B) and inner (Fig. 3C) surface, indicating the uniform
structure. For the composite beads with HNTs, the outer surface
(Fig. 3D, G, ] and M) is much rougher, while the inside of composite
hydrogel beads contains a large number of HNTs (Fig. 3F, I, L and
0). HNTs are disordered and coated with chitosan, suggesting that
HNTs are immobilized fully by chitosan hydrogel beads inside. In
addition, the nanotubes also appear at the bead outer surface
(Fig. 3E, H, K and N). When investigating the core structure of
the dried hydrogel beads, the HNTs are more numerous than those
at the peel. This can be explained by the fact that the formation of
the hydrogel beads is attributed to the pH-precipitation of chitosan
solution. The large surface area and the loosen structure of the
composite hydrogel beads are favorable to molecular diffusion
and provide sufficient space for adsorption of dyes [34].

3.3. TG analysis of chitosan-HNTs composite hydrogel beads

The thermal stability of the chitosan and chitosan-HNTs hydro-
gel beads was studied by TG analysis (Fig. 4). From the TG curves,
the most obvious stage of decomposition is at ~270 °C, which is
assigned to the degradation of the chitosan chains. The summary
of the TGA results are shown in Table 1. The temperature at max-
imum weight loss rate for hydrogel beads of different proportions
is related to chitosan component. With the addition of HNTs, the
residual weight at 600 °C of composite evidently increases. The
temperature at 5% weight loss for pure chitosan is 66 °C. While this
temperature for the composite hydrogel beads with 33 wt.% HNTs
increases to 146 °C, which is 80 °C higher than that of pure chito-
san beads. When 80 wt.% HNTs are added, this temperature further
increases to 173 °C. The temperature at 20% weight loss shows a
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Fig. 4. TG curves for CS, HNTs and CS-HNTs hydrogel beads.
Table 1
Summary of the TGA results for CS, HNTs and CS-HNTs hydrogel beads.
HNTs Temperature  Temperature Remaining Temperature
composition  at 5% weight  at 20% weight (%)  at maximum
(wiw%) loss (°C) weight loss weight loss
(°C) rate (°C)
0 66 226 34 273
33 146 266 46 271
50 143 271 57 268
67 157 288 64 268
80 173 405 70 270
100 461 - 88 483

similar trend. Thus HNTs can enhance the thermal stability of
chitosan adsorbents. Enhancement of thermal stability is attrib-
uted to two reasons. Char formation occurs at the expense of vol-
atiles and the char itself act as a barrier and hinder diffusion of
volatile loss [43]. The char residue content of chitosan-HNT com-
posites is higher than pure chitosan (Table 1). Therefore, the chito-
san-HNTs composites can improve the thermal stability compared
with pure chitosan. On the other hand, there are hydrogen bonding
and electrostatic attraction interactions [36] between chitosan and
HNTs. The interfacial interactions also facilitate the enhancement
of the thermal stability of the polymers [44,45]. From the TGA
results we can conclude that chitosan and HNTs are compatible
and the thermal stability of chitosan is improved by the addition
of HNTs.

3.4. Adsorption isotherms

Both chitosan and HNTs possess abundant hydroxyl groups and
unique microstructures which can adsorb dyes by various kinds of
interactions. The MB adsorption isotherms for chitosan and chito-
san-HNTs hydrogel beads are presented in Fig. 5. The MB absorp-
tion on CS, CS1IN1, and CS1N4 hydrogel beads increases rapidly
with the increase of the dye concentration until 9, 8, and 7 mg L,
respectively. When the dye concentration continues to increase,
the increasing trend of ¢, slows down due to the saturation of
the active sites of the absorbent. The g, values for the MB solutions
absorbed by the composite hydrogel beads are higher than those of
pure chitosan beads, suggesting the increased absorption ability by
the incorporation of HNTs.

Two common isotherm models for adsorption were used to fit
experimental data. Langmuir isotherm model is based on the
assumption that adsorption sites are identical and energetically
equivalent, and only monolayer adsorption occurs in the process
[46]. It is mathematically described as follows:

11,11
qe qmux qmaxb Ce

where gmax (Mg g~ ') represents the maximum uptake of MB and b
(Lmg') is the constant related to the energy of adsorption. qmax
and b can be determined from the linear plot of q;1 versus c, .
Freundlich isotherm model is based on the assumption of expo-
nentially decaying adsorption site energy distribution [47]. It is
used for heterogeneous surface energy systems and can be given

as follows:

(2)
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Fig. 5. Adsorption isotherms of MB on CS and CS-HNTs hydrogel beads at 303 K.
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Fig. 6. Langmuir isotherms (a) and Freundlich isotherms (b) for MB adsorption on CS and CS-HNTs hydrogel beads.

Table 2
Langmuir and Freundlich parameters for MB adsorption into chitosan and chitosan-
HNTs composites.

Sample Langmuir parameters Freundlich parameters
Gmax b R2 1 /n KF R2
(mgg™) (Lmg™") (mgg™")
CS 217.39 0.0406 0.9924 0.6564 13.75 0.9984
CSIN1  232.56 0.0406 0.9973 0.6470 15.03 0.9893
CSIN4  270.27 0.0378 0.9985 0.7049 14.51 0.9946

where K is the constant that stands for adsorption capacity related
to bond strength and 1/n is a constant indicating adsorption inten-
sity. Kr and n can be determined from the linear plot of In g, versus
In c..

Fig. 6 shows Langmuir isotherms (a) and Freundlich isotherms
(b) of hydrogel beads for MB adsorption. The theoretical isotherm
parameters, gmax b, Kr, 1 and the correlation coefficients (R?) are
listed in Table 2. It is found that the adsorption of all the beads is
well fitted both models. It is revealed that CSIN1 and CS1N4 exhi-
bit higher adsorption capacity than pure CS for MB in the aqueous
solution. Also, the calculated value of g.,.x increases with the add-
ing of HNTs. Meanwhile, all the samples have a 1/n value within
0.5-1, indicating that the prepared hydrogel beads are good absor-
bents for MB [48].
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Fig. 7. Adsorption isotherms of MG on CS and CS-HNTs hydrogel beads at 303 K.

Fig. 7 shows the MG adsorption isotherms of the hydrogel
beads. The g, values increase with an increase of dye concentration
for all the samples. The MG absorption behavior also has an obvi-
ous transition point depending on the dye concentration like MB
adsorption. For example, the g. values of CSIN1 increase from
151.7 to 245. 5 mg g~!, whereas the dye concentration increases
from 70.9 to 236.4mgL-'. Afterward, the g, values slightly
increase from 245.5 to 247.4 mg g~! with the dye concentration
from 236.4 to 431.6 mg L~ at the second stage. The fitting results
of Langmuir and Freundlich models are shown in Fig. 8, and the
values of isotherm constants are given in Table 3. Overall, correla-
tion coefficient for the Langmuir isotherm model is higher than
that for the Freundlich isotherm model. So the Langmuir adsorp-
tion model is more suitable to describe the adsorption of MG onto
CS and CS-HNTs hydrogel beads, which implies the monolayer cov-
erage of MG.

3.5. Adsorption kinetics

The effects of HNTs on the adsorption behavior of chitosan were
investigated using MB and MG as model dyes in aqueous solution.
Fig. 9 shows the influence of adsorption time on the dye adsorption
capacity for different beads. The adsorption curves of MB for all the
samples can be divided into two parts: an initial rapid adsorption
stages within a short time and next a slow adsorption process
[49]. The adsorption rates of MB are fast for the hydrogel beads
in the first 20 min and then the rates gradually decrease, and the
equilibrium point reaches until 40 min. The equilibrium adsorption
amount of CS, CS1N1, CS1N4 hydrogel beads is 67.49, 68.92, and
72.60 mg g~ !, respectively, indicating the increased absorption
ability with the HNTs loading. Besides the equilibrium adsorption
amount, the g, value of the composite hydrogel beads is higher
than that of pure chitosan in all the time especially at the initial
adsorption stage. The adsorption rate of the composite hydrogel
is also faster than that of pure chitosan, which can be seen from
the slope of the three curves in Fig. 9. The numerous active sites
(hydroxyl groups) of HNTs are related to the fast rates of adsorp-
tion in the initial period. With active sites gradually occupied by
the dyes, the adsorption rates slow down. When the active sites
are fully occupied, the adsorption amount cannot increase any
more even upon extending the adsorption time, and the adsorption
equilibrium reaches at this moment. The color change of the MB
solution before and after adsorption by the different beads is
shown in Fig. 10. It can be seen that MB is completely removed
by the hydrogel beads within 40 min, eventually leaving the color-
less and clear supernatant.
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Fig. 8. Langmuir isotherms (a) and Freundlich isotherms (b) for MG adsorption on CS and CS-HNTs hydrogel beads.

Table 3
Langmuir and Freundlich parameters for MG adsorption into chitosan and chitosan-
HNTSs composite.

Sample Langmuir parameters Freundlich parameters
qmax b R? 1/n Kr R?
(mgg™") (Lmg™") (mgg™")
CS 243.90 0.0121 0.9910 0.2613 41.83 0.9556
CS1N1 303.03 0.0145 0.9793 0.3855 29.87 0.9826
CSIN4  294.18 0.0910 0.9106 0.1762 113.42 0.6978
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Fig. 9. Influence of adsorption time on the adsorption capacity for methylene blue.

The effect of adsorbent dosage on the adsorption property for
MB was also studied. As can be seen from Fig. 11, when the amount
of the CS, CS1N1, CS1N4 hydrogel beads increases from 0.002 g to
0.01 g, the removal ratio (R) of MB increases from 85.0%, 87.2%,
88.9% to 94.9%, 95.1%, 95.2%, respectively. But the amount of
adsorption per unit amount of the hydrogel (q.) reduces from
339.8, 348.7, 355.4 to 75.9, 76.1, 76.2 mg g '. This suggests that
with the increase of the amount of hydrogel beads in solution,
the removal ratio of dyes gradually increases but the value of g,
gradually reduces. The reasons of this phenomenon is attributed
to the increased active sites for dye adsorption with the increase
in the adsorbent amount, leading to the increased removal ratio
and decreased concentration of MB remaining in the solution.
However, the total amounts of MB keep constant in this system,
leading to a decrease in absorption amount per unite absorbent
weight.

In order to investigate the mechanism and characteristics of dye
adsorption behavior, the adsorption kinetics of MB on samples
were fitted by the pseudo-first-order, pseudo-second-order, and
intra-particle diffusion kinetic model. The pseudo-first-order
kinetic equation [50] and pseudo-second-order kinetic equation
[51] are expressed as:

In(q, — q;) = Inq, — kit (4)

t 1 t

— +— 5
4 kg qe ®)

where ¢, and g, are the amounts of dyes adsorbed on the hydrogel
beads (mgg~!) at equilibrium and time t (min), respectively; k;

Fig. 10. Photographs the methylene blue solution before (a) and after (b) adsorption by the chitosan and chitosan-HNTs composite hydrogel beads.
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Fig. 11. Influence of adsorbent dosage on the adsorption property for methylene blue. The relationship of adsorbent dosage and g. (a), adsorbent dosage and removal ratio (b).

(min~!) is the adsorption rate constant of pseudo-first-order model
and k, (gmg !'min~!) is the adsorption rate constant of the
pseudo-second-order adsorption. To examine the steps involved
during adsorption, the intra-particle diffusion model [52] was
employed.

qe = kot'? + C (6)

where C is the intercept and k, is the intra-particle diffusion rate
constant (mg g~ ! min~1/2),

The fitting curves are shown in Fig. 12 and the kinetic parame-
ters are calculated and listed in Table 4. According to the values of
correlation coefficients, the adsorption kinetics of MB onto the
chitosan and its composite beads is better described by the
pseudo-second-order model (R?=0.9991-0.9999) than by the

= CS
4 CS1N1

T T
20 25
Time, min

(c)

T
15

pseudo-first-order model (R?=0.8884-0.9614). Also, the calcu-
lated equilibrium adsorption capacity (e ca) from the pseudo-sec-
ond-order model was approximately equal to the experimentally
obtained equilibrium adsorption capacity (geexp). These results
indicate that the adsorption kinetics of MB by the prepared hydro-
gel beads can be well described by the pseudo-second-order model
which implies that the overall rate of the adsorption process is con-
trolled by chemisorption [51] [53]. The intra-particle diffusion
model was further employed for examining the adsorption pro-
cesses involved. The typical plot of g, versus t'? is shown in
Fig. 12(c). It can be seen that there are two adsorption stages.
The first one is a rapid stage attributed to the external diffusion
of MB from aqueous phase to the external surface of the beads.
The other is a slow stage where the gradual adsorption of MB on

= CS
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Fig. 12. The linear plot of the pseudo-first-order kinetic model (a), pseudo second-order kinetic model (b), and intra-particle diffusion model (c) for MB adsorption.
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Table 4

Kinetic parameters for the adsorption of MB by chitosan and chitosan-HNTs composites by the pseudo-first-order, pseudo-second-order, and intra-particle diffusion model.

Sample  geexp (Mgg™')  Pseudo-first-order Pseudo-second-order Intra-particle diffusion
ky(min™')  Geca (mgg™") R ky(gmg 'min')  geca(mgg') R K, (mgg™' min—'?) ¢ R
cs 67.49 0.0763 42.56 09614  0.0044 72.14 0.99991 9.64 21.07016  0.97640
CSIN1 6892 0.0654 37.27 09140  0.0044 74.10 0.99996  8.90 26.94687  0.97445
CSIN4  72.60 0.0774 29.82 0.8884  0.0076 7537 0.99999  8.71 353974 094158
320 - the internal surface of porous hydrogel beads controlled by pore
diffusion. MB molecules can pass through the external surfaces
280 - S . and travel within the interior of the hydrogel beads. The adsorption
240 process at least include external diffusion and pore diffusion [53].
The three curves in Fig. 12(c) show R? values in the range of 0.94-
200 - 0.98 which is lower than that calculated by pseudo second order
> model, indicating the intra-particle diffusion model is not the best
S 160 model for fitting the MB adsorption process.
E_ Fig. 13 shows the effects of CS, CSIN1, CS1N4 hydrogel beads on
& 120+ the adsorption behavior for MG at different time. CSIN1, CS1N4
80 ::: g;m .hy.d.rogel I?eads' removal rates of MG are faster within 48 h at. t.he
el i initial period. Then, the rates of adsorption reduce and the equilib-
40 rium point is reached in about 7 days. However, CS hydrogel beads’
removal rate of MG is slow within 48 h and then the rate of adsorp-
0 —T—— T T T T tion increases gradually. At last, the equilibrium point is reached in
0 2 4 6 8 10 12 14 about 7 days, but the adsorption amount is substantially lower
Time, day than that of CSIN1 and CS1N4 hydrogel beads. The equilibrium

Fig. 13. Influence of adsorption time on the adsorption capacity for malachite
green.

adsorption capacity of CS, CSIN1, CS1N4 hydrogel beads is 208.0,
269.2, 276.9 mg g~ !, respectively. From the photos in Fig. 14, it
can be seen the MG solutions nearly become totally colorless and

Fig. 14. Photographs the malachite green solution before (a) and after (b) adsorption by the chitosan and chitosan-HNTs composite hydrogel beads.
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Fig. 15. Influence of adsorbent dosage on the adsorption of malachite green. The relationship of adsorbent dosage and q. (a), adsorbent dosage and removal ratio (b).
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Fig. 16. The linear plot of the pseudo-first-order kinetic model (a) and pseudo second-order kinetic model (b) and intra-particle diffusion model (c) for MG adsorption.

Table 5

Kinetic parameters for the adsorption of MG by chitosan and chitosan-HNTs composites by the Pseudo-first-order, Pseudo-second-order, and intra-particle diffusion model.

Sample  (eexp (Mg g 1) Pseudo-first-order Pseudo-second-order Intra-particle diffusion

ki (min™')  qeca (mgg') R ky(gmg 'min')  Geca (mgg!) R K, (mg g 'min"'?) ¢ R?
(&) 208.0 0.3243 281.74 0.9205 0.0013 276.09 0.98603 113.36 - 0.95262
CS1N1 269.2 0.5189 235.90 0.9804  0.0042 293.17 0.99829 98.75 45.53102 0.93256
CS1N4 276.9 0.4401 178.63 0.8465 0.0057 301.02 0.99939 90.58 89.12997  0.89165

clear after the adsorption by the composite hydrogel beads. How-
ever, a certain amount of dye is still presence in the solution after
adsorption by the pure chitosan beads. Therefore, compared with
the MB, the chitosan and its HNTs composite hydrogel beads show
higher absorption ability for MG. HNTs can significant improve the
adsorption ability of chitosan of MG.

In order to study the effects of adsorbent dosage on the adsorp-
tion of CS, CSIN1, CS1N4 hydrogel beads for MG, 0.005, 0.0075,
0.01 g hydrogel beads were placed in 2 mL MG solution with a con-
centration of 0.75 gL~!. The experimental results are shown in
Fig. 15. When the amount of CS, CSIN1, CS1N4 hydrogel beads
increases from 0.005g to 0.01 g, the removal ratio (R) of MG
increases from 79.3%, 95.0%, 96.1% to 95.0%, 97.0%, 97.5%, respec-
tively and the amount of adsorption reduces from 237.8, 285.0,
288.2 to 142.6, 145. 5, 1463 mgg !, respectively. With the
increase of the amount of hydrogel beads in solution, the removal
ratio of MG gradually increases. The adsorption efficiency of com-
posite hydrogel beads with HNTs is higher than the pure chitosan
hydrogel beads’.

The adsorption kinetics of MG by chitosan and chitosan-HNTs
composites was also fitted by the pseudo-first-order, pseudo-sec-
ond-order, and intra-particle diffusion kinetic model. The fitting

curves are shown in Fig. 16 and the kinetic parameters are calcu-
lated and listed in Table 5. Consistent with the adsorption of MB,
the adsorption kinetics of MG is better described by the pseudo-
second-order model than by the pseudo-first-order model. The cal-
culated equilibrium adsorption capacity (geca) from the pseudo-
second-order model is approximately equal to the experimentally
obtained equilibrium adsorption capacity (geexp). Similar with
MB adsorption by the hydrogel beads, the intra-particle diffusion
model fitting results also include two adsorption stages, i.e. exter-
nal diffusion and internal pore diffusion. Also, the CSIN4 shows
highest adsorption amount among the samples.

In total, the absorption experimental results demonstrate that
HNTs can significantly accelerate adsorption process and improve
the adsorption ability of chitosan. The chitosan-HNTs composite
hydrogel beads have potential applications for removal of different
dyes from aqueous solutions.

3.6. Regeneration of chitosan—-HNTs composite hydrogel beads
To regenerate the adsorbents, the MB and MG dyes absorbed on

the hydrogel beads were desorbed by NaOH solution and acetone.
The reusability of CS and CS-HNTs hydrogel beads for MB and MG
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Fig. 17. The reusability of CS and CS-HNTs hydrogel beads for MB (a) and MG (b) removal.

removal as shown in Fig. 17. It can be seen that the removing effi-
ciency of MB at the second adsorption for all the hydrogel beads
keeps above 92.0% which is slightly lower than that at the first
adsorption. For example, the second removing efficiency of
CS1N1 for MB is 93.33% which is only 2.35% lower than that at
the first adsorption. The hydrogel beads still show the high effi-
ciency in regeneration, indicating that the hydrogel beads can be
well recovered as adsorbents for MB. However, the second adsorp-
tion of hydrogel beads on MG dye is moderated possibly due to the
relatively weak desorption ability of acetone for MG and the crush-
ing of the hydrogel beads during the adsorption-desorption cycles.
With the increase of HNTs, the amount of adsorbed MG at the sec-
ond adsorption process increases compared with pure chitosan
bead. Therefore, the chitosan-HNTs composite hydrogel beads
are of great potential as reusable adsorbents of dyes from
wastewater.

4. Conclusions

Novel chitosan-HNTs composite hydrogel beads were designed
and prepared by the dropping and pH-precipitation method. HNTs
can be immobilized by chitosan hydrogel and fully incorporated
into the beads’ structure. The size of the composite hydrogel beads
increases with the HNTs loading. The core of composite beads is
filled with a large number of HNTs, while the outer surface of the
beads is mainly chitosan by SEM result. TGA shows that chitosan
and HNTs are compatible and the thermal stability of the hydrogel
beads is remarkably enhanced by HNTs. Both Langmuir isotherm
and Freundlich isotherm models can fit the isotherm absorption
data well for MB adsorption. As absorbents for removal of MB
and MG from aqueous solutions, the composite hydrogel beads
show accelerated adsorption process and improved adsorption
ability compared with the pure chitosan hydrogel bead. With the
increase of the amount of hydrogel beads in solution, the removal
ratio of dyes gradually increases but the absorption amount per
unit absorbent weight reduces. The adsorption kinetics closely fol-
lows pseudo-second order model. All the hydrogel beads exhibit a
well regeneration property especially for MB adsorption (above
92.0%). Therefore, it can be expected to produce a good wastewater
treatment material with unique structures and higher adsorption
properties through the synergy of organic chitosan and inorganic
HNTs.
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