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Search for cost-effective and high-strength dye adsorbents has become an urgent problem in wastewater

treatment. Natural polymers such as chitosan and cellulose are low-cost and can be fabricated as hydro-

gels for dye adsorption, but these hydrogels usually have weak strength. Here, novel high-strength and

highly cost-effective hydrogels with a high capacity of dye adsorption were prepared with chitosan and
cellulose. The chitosan/cellulose hydrogels could be knotted and twisted without fracture and could be
restore rapidly after compression. These features showed that the hydrogels had good elasticity, high

strength and excellent resilience. Also, the incorporation of rectorite into hydrogels could increase the

thermal stability and strength of composite hydrogels. Subsequently, the adsorption capacity of hydrogels

to Congo Red was investigated: chitosan was the main functional material for adsorption and rectorite
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1. Introduction

Discharged wastewater containing dye compounds can create
severe water-pollution problems in the industries of paper-
making, printing, and textile dyeing." Dye pollution can disturb
the aquatic biosphere; dye compounds can bioaccumulate along
food chains and, eventually, cause chronic toxicity to humans.>
Natural polymers are used as ideal dye adsorbents because of
their easy access, low cost, and efficient adsorption.> Natural
polymers can be fabricated to different shapes for dye adsorp-
tion, such as membranes, microspheres and hydrogels.*”
However, these materials are usually short of mechanical
performance, and the synthetic process is complicated. It is
extremely difficult for materials to simultaneously have high
mechanical performance, efficient dye adsorption and to
be highly cost-effective and convenient to use in practical
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participated in dye adsorption as well, but cellulose supported the structure. Furthermore, the adsorption
process fitted closely with the Freundlich model, and was best described by a pseudo-second-order
kinetic model. The hydrogels were biodegradable and could be easily collected after adsorption. These
environmental friendly hydrogels could be promising candidates for dye removal in the future.

applications.® Therefore, finding efficient methods and
cheap materials for fabricating adsorbents with outstanding
mechanical performance is important.

Polysaccharides-based adsorbents have been widely studied
owing to their high adsorption capacity, biodegradability and
biocompatibility.”® Chitin and cellulose based on living crea-
tures have been used for solving environmental problems due
to their easy availability, low cost and nontoxic nature.’™*
Chitosan is the N-deacetylated product of chitin, which is the
major component of shells of arthropods and crustaceans.'*"?
Chitosan as a cheap and available material has been widely
used in bacterial inhibition, adsorption of metals and dyes,
and tissue engineering.>'*'® It has been reported that chito-
san has good sorption capacity for dye owing to the abundant
amino acids acting as chelating sites.” However, the weak
mechanical strength of chitosan-based materials limits their
application as effective adsorbents. Cellulose is the most
readily available and naturally renewable polysaccharide with
unique physical and mechanical properties.'” It also has
hydroxyl groups that can combine dye molecules.'® Thus,
chitosan and cellulose can be combined to create novel
composite hydrogels. These composite hydrogels are expected
to boost the excellent properties of chitosan and cellulose to
obtain unprecedented mechanical properties and efficient dye
adsorption.

Polym. Chem., 2017, 8, 2913-2921 | 2913
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Rectorite (REC) is a layered silicate. It has alternating di-
octahedral mica-like and montmorillonite-like layers.'® It has
been reported that REC possesses several functional groups
that can bind metal ions and charged dyes through coordi-
nation, electrostatic interaction and cation exchange.*®*!
Hence, we plan to explore the effect on the adsorption capa-
bility of hydrogels by introducing REC.

In the present study, the chitosan/REC/cellulose composite
hydrogels with high strength were fabricated from biomass.
These hydrogels were characterized to analyze their mor-
phology, structure and thermostability. Compressive tests of
the composite hydrogels were used to study their mechanical
properties. Subsequently, the removal of Congo Red from
aqueous solution under different adsorption parameters, such
as initial concentrations, contact times as well as the compo-
sitions of adsorbents, was investigated to find out the adsorp-
tion behavior and performance of these novel hydrogels. The
adsorption isotherms and kinetics were also investigated.

2. Experimental sections
2.1 Materials

Chitosan with a deacetylation degree >90% was purchased
from Ruji Biological Science (China). Cellulose was provided
by Hubei Jinhuan (China). REC was purchased from Hubei
Mingliu Science (China). Epichlorohydrin (ECH) and other
reagents of analytical grade were from Sinopharm Chemical
Reagents (China).

2.2 Preparation of compound hydrogels

Briefly, 5% or 10% (wt/wt%) REC was dispersed under alkali/
urea conditions via ultrasound equipment. Chitosan and cellu-
lose were dissolved in several alkali/urea solutions via freez-
ing-thawing to obtain 4.0 wt% transparent solution. Then,
chitosan and cellulose solutions were mixed with composition
ratios of 9:1, 3:1, 1:1, 1:3 and 1:9, respectively. REC sus-
pensions and ECH were injected dropwise into the stirred chit-
osan/cellulose solutions. The whole mixtures were stirred by
vigorous agitation for 2 h at —12 °C. Then, the composite solu-
tions were centrifuged for 10 min at 5 °C and, finally, the sedi-
ments were slowly poured into the mold. The composite hydro-
gels were washed with deionized water and then freeze-dried
by a lyophilizer (FreeeZone; Labconco, USA) for further testing.

2.3 Characterization

Field-emission scanning electron microscopy (FE-SEM) using a
YIGMA instrument (Zeiss, Germany) was used to observe the
morphology of composite hydrogels. The elementary compo-
sition analysis of the as-prepared samples was performed by
Fourier-transform infrared (FT-IR) spectroscopy (170-SX;
Thermo Nicolet, USA), energy-dispersive X-ray spectroscopy
(EDS; GENESIS XM2; Gatan, USA) and X-ray photoelectron
spectroscopy (XPS; Kratos, UK). Thermogravimetric analysis
(TGA; SDT Q600; Tainstsh, USA) was carried out to investigate
the thermal properties of the samples. X-ray diffraction (XRD)
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was characterized using a type D/max-Ra diffractometer
(Rigaku, Japan). Compressive and stretching measurements
were conducted using a tensile-compressive tester (CMT 6503;
MTS/SANS, China).

2.4 The swelling behavior of hydrogels

The weighted composite hydrogels were put into different pH
solutions for 3 days to ensure equilibrium swelling. Then, the
wet mass of the hydrogels was determined again. The swelling
ratio (SR) of the hydrogels could be calculated using the follow-
ing formula:

Wa

SR(%) =
d

x 100% (1)

where W,, and Wy are the weight of the hydrogels before and
after drying at 60 °C in a vacuum.

2.5 Adsorption of Congo Red

Adsorption experiments were conducted to evaluate dye
adsorption of compound hydrogels. A series of conical flasks
containing 10 mL Congo Red solution and 20.0 mg dry hydro-
gels were shaken at room temperature for a certain time. The
initial and final concentration was analyzed by a UV-1780
spectrophotometer (Shimadzu, Japan) at 500 nm. Experiments
were conducted at several times until the deviation was <1%.
The adsorption capacity (g., mg g~ ') was defined using the fol-
lowing equation:

_Co=Ce,
m

e (2)

where C, and C. are the initial and final concentrations of
Congo Red solution, V is the volume of the dye solution, and
m is the dry weight of adsorbents.

2.6 Equilibrium adsorption and rate constant studies

The equilibrium adsorption isotherm has an important role in
the design of an adsorption system, and helps to describe the
interactive behavior between adsorbents and solutes. The
Freundlich equation is given as:

ge = KpCe'/" (3)

where Ky is the Freundlich constant (an indicator of the
adsorption capacity (mg g')), C. is the concentration of Congo
Red after the adsorption equilibrium has reached (mg L™%),
and the magnitude of the exponent 1/n indicates adsorption
ability. The value of n is >1, which represents a favorable
adsorption condition.??

The widely used Langmuir isotherm is expressed as:

_ gmKiCe

= dm2lre 4
KiCe+1 (@)

‘g

where g, (g kg™") is the maximum adsorption under ideal

conditions, C. is the aqueous-phase sorbate concentration

at equilibrium (mg L"), and K;, is the Langmuir isotherm con-
stant (m® g7").

This journal is © The Royal Society of Chemistry 2017
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The pseudo-first order model (PFO), pseudo-second order
model (PSO), and intraparticle diffusion model were employed
to investigate the mechanism of adsorption. The formulae are
shown as follows:

g = ge(1—e ™) (5)
kzqezt

=_2de - 6

q: 17 thhqe (6)

g = kinet™® + G (7)

where ¢, (mg g™') is the sorption amount at time ¢, g, is the
saturated adsorption amount, ky, k, and ki, (g mg™" min™)
are the rate constant of the PFO, PSO and intraparticle
diffusion models, respectively. As shown in formula (7), the
higher value of C; implies a greater boundary layer effect.

3. Results and discussion
3.1 Hydrogel formation and its images

Transparency is an effective way to detect if a polymer has
blended well. The composite hydrogels were transparent and
the background could be seen clearly even though the trans-
parency was reduced with the addition of 5% REC (Scheme 1).
The crosslinking reaction between chitosan and cellulose is
caused by the nucleophilic reaction of ECH.>*

Chemical crosslinking composite hydrogels could be easily
formed with the required shape owing to the facile fabrication
method and gel-forming ability. Hydrogels could be fabricated
into different shapes by molds, which suggests that the com-
posite hydrogels had good formability. Fig. 1a and b show that
the composite hydrogels could be easily knotted and twisted
without fracture due to their excellent flexibility. Also, Fig. 1c
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shows that the composite hydrogels could restore after com-
pression, which implies that such hydrogels possess consider-
able resilience and high intensity. Fig. 1d is a photograph of
the adsorption process of hydrogels. After a period of adsorp-
tion, the red solutions containing Congo Red become clear
and transparent again, whereas the hydrogels turned red
owing to the adsorption of dye. These images indicate that the
composite hydrogels possess high toughness high intensity,
and highly efficient dye adsorption.

3.2 Mechanical properties

Fig. 2 and Table 1 illustrate that all the hydrogels had excellent
compressive intensity of >1 MPa. The strength of hydrogels
was broadly proportional to the ratio of cellulose. A higher
content of cellulose implied better mechanical properties.
Hydrogels with a 1:9 mass ratio of chitosan: cellulose con-
tained 90.0% water and obtained the maximum compressive
strain (<5.65 MPa). Thus, we could conclude that cellulose
contributed to mechanical intensity and aimed to support the
whole hydrogel, whereas chitosan had an important role in
maintaining water and adsorbing the dye. Also, the compres-
sive properties of hydrogels with different ratios of REC are
shown in Fig. 2b. The hydrogels with 0%, 5% and 10% content
of REC had a compressive strain of 1.48, 1.52 and 1.78 MPa,
respectively. The compressive intensity of hydrogels increased
with increasing amounts of REC. REC has good mechanical
properties and a homogeneous distribution in alkali solu-
tions.>* Therefore, we could infer that REC could increase the
mechanical behavior of composite hydrogels.

3.3 The surface structure of hydrogels

Fig. 3 shows the scanning electron microscopy (SEM) images
of the composite hydrogels with the scale bar of 1 pm. It was

Cross-linking point

Scheme 1 Preparation of chitosan/REC/cellulose hydrogels by chemical crosslinking.
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Fig. 1 Images of hydrogels with chitosan contents: cellulose = 3:1, 5% REC under (a) knotting, (b) twisting and (c) compression; (d) images of the
adsorption of hydrogels (20 mg dry hydrogels were immersed in 15 mL Congo Red solutions at 100 mg L™ for 2 h).
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Fig. 2 Compressive properties of hydrogels with (a) a different mass ratio of chitosan/cellulose and (b) different proportions of REC.

obvious that all the hydrogels with different ratios of chitosan
and cellulose had the interconnected, well-defined and three-
dimensional porous structures that are beneficial for dye
adsorption. When the content of REC was constant, with an
increasing amount of chitosan, the composite hydrogels had
larger apertures and contained more water, which could result
in lower intensity and a higher swelling ratio. Comparison of
Fig. 3b with Fig. 3c revealed that a larger amount of REC could
reduce the possibility of the collapse of holes on the surface of
hydrogels, which made the apertures of hydrogels well pro-

2916 | Polym. Chem., 2017, 8, 2913-2921

portioned. The dense structure of hydrogels containing REC
further contributed to improve the mechanical performance of
hydrogels.”” In addition, the energy-dispersive X-ray spectrum
shown in Fig. 3f shows the characteristic peaks of Si and Al,
which indicated that REC was introduced into chitosan/cellu-
lose hydrogels.">?°

3.4 Composition analyses

The composition of hydrogels was analyzed with FT-IR and
XPS. In the IR spectrum of chitosan, the adsorption band at

This journal is © The Royal Society of Chemistry 2017
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Table 1 The physical parameters of different types of hydrogels

Compressive properties

Sample Water content (%) o (MPa) (%) E(MPa)
Chitosan : cellulose = 94.3 1.35 79.43  6.49
9:1 REC 5%

Chitosan : cellulose = 93.4 1.52 78.32  7.62
3:1REC 5%

Chitosan : cellulose = 91.3 3.35 81.70 17.94
1:1 REC 5%

Chitosan : cellulose = 90.1 4.35 84.13 23.00
1:3 REC 5%

Chitosan : cellulose =  90.0 5.65 83.85 28.93
1:9 REC 5%

Chitosan : cellulose = 93.2 1.48 76.40 5.88
3:1 REC 0%

Chitosan : cellulose = 95.1 1.78 81.19 11.11

3:1REC 10%

1655 cm™ " was caused by a C=O stretching vibration, whereas
the band at 1590 cm™" was assigned to the bending mode of
-N-C=0.?" As shown in FT-IR spectra, the peaks of composite
hydrogels from 3300 to 3450 cm™" corresponded to the stretch-
ing vibration of hydroxyl groups, which are the characteristic
peaks of chitosan and cellulose.">® Hence, the composites con-
served the active groups of chitosan and cellulose for dye
absorption during the formation process under an alkali/urea
condition. However, the peaks of all the hydrogels at 1590 cm™
had weak intensity because of the hydrogen bond formed
among these ingredients.>* " In brief, the chemical structure of
composite hydrogels became steadier through crosslinking.
Furthermore, the peak at 545 cm™' that represented the
bending vibration of Si-O is a characteristic peak of REC.** It
could be seen that the compound hydrogels also had a charac-
teristic peak of Si-O, which is evidence of REC addition.

XPS revealed a wide-scan spectra of chitosan/cellulose
hydrogels without or with a 5% weight ratio of REC. Both

View Article Online
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samples had almost the same proportion of C, O and N. Also,
chitosan/REC/cellulose hydrogels showed the binding energy
of Si2p, which was identical with the results of EDS.

3.5 Swelling behavior

Fig. 4 displays the swelling behavior of hydrogels under
different pH conditions. Due to the addition of ECH, the
hydrogels could not be dissolved even under acid conditions.*
The hydrogels exhibited clear pH-responsive swelling behavior,
which was significant at low pH. Also, the swelling ability
declined when the content of cellulose increased. Hydrogels
with a 9:1 weight ratio of chitosan: cellulose had the largest
swelling ratio (72%) at a pH of 2, whereas hydrogels with 1:9
weight ratio of chitosan:cellulose had the smallest swelling
ratio (8%). A reasonable explanation is that the capability of
water adsorption was relative to the crosslinking degree of hydro-
gels.>* With an increasing amount of cellulose, hydrogen bonds
could be formed between polymers and the crosslinking agent.
Such hydrogen bonds eventually formed a steadier structure that
prevented traversing of water molecules which, ultimately, led to
lower swelling ratio.*® In addition, when hydrogels were under
an acid condition, the -NH, in chitosan would attract the H' in
water and became -NHj;. The electrostatic force became un-
balanced, resulting in stronger electrostatic repulsion, which
finally led to the expansion of the hydrogel networks.*®

3.6 Specific surface area and pore-size analyses

The BET adsorption isotherms of composite hydrogels were
also measured. All the adsorption/desorption isotherms had
closed loop circuits without superposition, which were caused
by the hysteresis effect.’” The isotherms of samples were steep;
that is, composite hydrogels possessed a distinguishable
cylindrical pore structure with open ends.*® Also, the surface
area of hydrogels with a 9: 1 weight ratio of chitosan : cellulose
displayed the largest surface area among all the samples
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Fig. 3 SEM images of hydrogels with a weight ratio of (a) chitosan : cellulose = 9:1, 5% REC; (b) chitosan: cellulose = 3:1, 5% REC; (c) chitosan:
cellulose = 3:1, 10% REC; (d) chitosan: cellulose = 1:1, 5% REC; (e) chitosan : cellulose = 1:9, 5% REC and (f) EDS spectrum of sample b.
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Fig. 4 The FT-IR spectra of hydrogels with a weight ratio of (a) chitosan : cellulose = 1:3, 5% REC, (b) chitosan : cellulose = 3:1, 5% REC, (c) chito-
san, (d) REC and (e) cellulose; the XPS spectra of different types of hydrogels; the swelling behaviors of various hydrogels under different pH con-

ditions; BET adsorption isotherms of compound hydrogels.

tested. In addition, the surface area of the composite hydrogels
decreased with an increasing weight ratio of cellulose, similar
to the SEM results.

3.7 XRD patterns

XRD was performed to examine the crystallinity of various
hydrogels. Chitosan had characteristic diffraction peaks at 26 =
10.7° and 20.0°,*° whereas the peaks for cellulose I were at
20 = 15.1° and 22.6° (Fig. 5).*° Also, the compound hydrogels
had an X-ray diffraction peak at 20 = 20.03°, which showed a
slight shift compared with the raw ingredients. This pheno-
menon indicated that the crystal structure of cellulose changed
from type I to type II due to chemical crosslinking with
chitosan.”® The compact arrangement of hydrogen bonds in
cellulose II could improve the physical properties of the
compound hydrogels, such as thermostability and mechanical
strength. In addition, the characteristic diffraction peaks of REC
are at 20 = 7.96° and 20.05°,*' which could be also seen in the
patterns of composite hydrogels. Contrasting the sharpness and
half-peak width of all composite hydrogels suggested that hydro-
gels with a greater content of REC had better crystallinity.*>

3.8 Thermostability testing

Chitosan/cellulose hydrogels had lower degradative tempera-
ture but a higher amount of residue than chitosan and cell-
ulose (Fig. 5). This was probably caused by the change of crys-

2918 | Polym. Chem., 2017, 8, 2913-2921

tallinity and structure after crosslinking.** Also, chitosan/REC/
cellulose hydrogels had higher mass residue compared with
pure chitosan and cellulose because REC, as an inorganic
material, had little mass loss when heated <600 °C. In
addition, the initial degradation temperature and Ty, of
hydrogels increased after REC addition, so thermal stability
was enhanced.

3.9 Adsorption of Congo Red

The effect of adsorbents with different mass ratios on adsorp-
tion property is shown in Table 2. Here, the initial concen-
tration of Congo Red was 100 mg L™" and the initial volume
was 25 mL. It was obvious that the saturated adsorption
capacity increased when the content of chitosan was higher.
Additionally, when the ratio of chitosan:cellulose was con-
stant (3:1), the saturated adsorption capacity of composite
hydrogels increased with an increasing amount of REC. This
phenomenon could have been because the exchangeable
hydrated cations in REC had been exchanged with the dye
cations.””** Hence, we could conclude that chitosan was the
main functional material for adsorption, REC assisted adsorp-
tion, and cellulose supported the structure. After taking the
factors of cost, adsorption effects and intensity into consider-
ation, we chose hydrogels with a 3 : 1 weight ratio of chitosan:
cellulose and 5% REC for subsequent experiments.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 XRD patterns of powder and compound hydrogels: (a) chitosan, (b) cellulose, (c) REC, (d) chitosan : cellulose = 3: 1, 5% REC and (e) chitosan :
cellulose = 1:3, 5% REC; TGA thermograms of samples: (a) chitosan, (b) cellulose, (c) chitosan : cellulose = 3:1, 0% REC, (d) chitosan : cellulose =

3:1, 5% REC, (e) chitosan : cellulose = 3:1, 10% REC and (f) REC.

Table 2 The saturated adsorption capacity of different sorbents

Sample ge (mgg™)
Chitosan : cellulose = 9: 1 REC 5% 57.44
Chitosan: cellulose = 3: 1 REC 5% 47.32
Chitosan : cellulose = 1: 1 REC 5% 38.70
Chitosan: cellulose = 1: 3 REC 5% 35.98
Chitosan : cellulose = 1: 9 REC 5% 34.36
Chitosan: cellulose = 3 : 1 REC 0% 46.53
Chitosan : cellulose = 3: 1 REC 10% 51.53

Fig. 6a and b show the influence on saturated adsorption
capacity by the initial concentration of Congo Red and reaction
time, respectively. In Fig. 6a, the saturated adsorption capacity
of compound hydrogels increased with an increasing initial
concentration of Congo Red. When the initial concentration of
Congo Red was 10, 100 and 500 mg L', the saturated adsorp-
tion amount of hydrogels was 4.47, 48.13 and 166.10 mg g,
respectively. The removal rate was ~100% when the initial con-

=
=
®
o

de (Mg/g)
P O G § -
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centration was <100 mg L™" yet, if the initial concentration
increased further, the removal rate declined. A reasonable expla-
nation for this finding was that the amount of Congo Red with
a lower initial concentration was small, which made adsorption
easy. When the initial concentration continued to increase, the
surface of sorbents had no more functional sites for adsorption.

The adsorption rate increased extremely rapidly at the
beginning, then gradually slowed down and, finally, reached
an equilibrium (Fig. 6b). This phenomenon happened because
the composite hydrogels had many free functional sites
initially, and would react with the Congo Red molecules as
soon as they came into contact. However, the increasing
numbers of molecules combining on the surface of sorbents
would repel free Congo Red molecules over time, resulting in a
lower adsorption rate. When repellant and driving forces
reached a balance, the reaction equilibrium would be reached,
and adsorption would not be influenced by the reaction time
any more. Wang et al. prepared chitosan/montmorillonite
nanocomposites for Congo Red adsorption, and the amount of

M

q¢ (mg/g)

100 200 300 400 500 600 700 800
t (min)

"

'
|
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0

Fig. 6 Saturated adsorption capacity: (a) under an different initial concentration of Congo Red, (b) at different reaction times.
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saturated adsorption was <100 mg g ',*> which was much
lower than that of our hydrogels. Woo et al. have undertaken
several studies on chitosan materials for dye adsorption.*®*’
They fabricated chitosan-based hydrogel beads that possessed
an adsorption amount of 380 mg g~ '. Although our materials
showed weaker adsorption capacity, our hydrogels had stron-
ger mechanical properties and higher adsorption rate. At
present, some materials have a larger saturated adsorption
amount to various dyes than our hydrogels. Hence, a consider-
able amount of work must be done to increase the adsorption
amount of our materials in future studies.

3.10 Adsorption mechanisms and kinetics

The adsorption mechanisms were investigated by Freundlich
and Langmuir isotherm models (Fig. 7). The Freundlich
adsorption isotherm had a correlation coefficient (R*) of 0.994
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and the exponent (n) was 10.78, hence, the sorption data
closely fitted with the Freundlich model. However, the low R
(0.9034) revealed poor agreement with the Langmuir isotherm
according to experimental data. In summary, these models
demonstrated that the composite hydrogels exhibited excellent
adsorption capacity, and the adsorption was in accordance
with the Freundlich model.

Kinetics models were also applied to identify the rate of
adsorption. The PSO kinetic model showed better agreement
of experimental data (R* > 0.99) than the PFO kinetic model
and intra-particle diffusion model (Fig. 7). These results
suggested that the main adsorption mechanism was chemical
adsorption involving the sharing and transfer of electrons, and
did not involve the mass transfer of solution.® The adsorption
rate was determined by the free adsorption site on the surface
of the adsorbent.
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Fig. 7 The adsorption isotherm and adsorption kinetic equations for explaining adsorption mechanisms.
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4. Conclusion

We succeeded in constructing chitosan/rectorite/cellulose
hydrogels using environmental friendly materials with a green
method. The prepared hydrogels were convenient to be utilized,
easy to access, low cost, and exhibited high strength and elas-
ticity. Also, the hydrogels had outstanding adsorption ability
towards dye in wastewater. In addition, the incorporation of
REC was conducive to further increase the saturated adsorption
capacity. Hydrogels with higher strength may be more competi-
tive than general products for industrial application.
Additionally, the hydrogels used here could be employed for the
other applications, such as heavy-metal adsorption.
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