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a b s t r a c t
The recyclable green carboxymethyl chitosan-oxidized sodium alginate-gelatin/polyacrylamide dou-
ble network hydrogel was simply and rapidly synthesized by one-pot method. This hydrogel with 
satisfactory mechanical properties was used to adsorb methylene blue, showing a high adsorption 
capacity, recyclability and environmental friendliness. The results showed that the adsorption of 
methylene blue solution (50 mL of 50 mg·L–1) with 15 mg of adsorbent resulted in a removal rate 
of over 93%, and the adsorption rate was still over 86% after 7 adsorption–desorption cycles. The 
adsorption of methylene blue by hydrogel adsorbents was consistent with the Langmuir adsorp-
tion isotherm model and pseudo-second-order kinetic adsorption process, mainly through elec-
trostatic and hydrogen bonding interactions. In this work, the prepared hydrogels have a high 
adsorption capacity and stable cycle adsorption–desorption, which are beneficial to the appli-
cation in the purification of dye wastewater.

Keywords:  Double network hydrogel; Dye wastewater; Adsorbent; Adsorption kinetics; Adsorption 
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1. Introduction

With the expansion of the scale of textile, printing and 
dyeing industry [1–3], the resulting of dye wastewater has 
also been increasing. Water environment and human health 
are seriously affected by the pollution caused by organic 
dye wastewater [4], if discharged directly into natural 
water without treatment, it will lead to the death of aquatic 
organisms. Under certain conditions, azo dyes can produce 
a variety of carcinogenic aromatic amines [5], threaten-
ing human life and health. How to improve the treatment 
effect of dye wastewater has become the focus of research-
ers. Many strategies such as biocatalytic degradation [6,7], 
adsorption [8], membrane separation [9,10] electrochemis-
try [11] and chemical oxidation [12,13] have been used to 
treat wastewater contaminated by organic dyes. Among 

them, adsorbents have been widely used in the treatment 
of organic dye wastewater due to their wide variety, recy-
clability and high efficiency.

As a new type of adsorbent, hydrogels [14–16] have a 
three-dimensional network structure, high porosity, recy-
clability and simple synthesis process. Hydrogels based on 
natural biomass [17–19], such as gelatin, chitosan, sodium 
alginate and cellulose, have rich active groups such as 
hydroxyl (–OH), amino (–NH2) and carboxyl (–COOH) 
groups, which can realize the reversible adsorption–desorp-
tion of dye molecules. For example, Ren et al. [20] success-
fully synthesized a biodegradable porous green adsorbent 
hydrogel, which can effectively adsorb methylene blue. 
When the concentration of methylene blue was 30 mg·L–1, 
 the removal rate was between 80.0% and 93.3%. Wang 
et al. [21] prepared carboxymethyl cellulose/chitosan 
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interpenetrating network hydrogel for adsorption–desorp-
tion of anionic and cationic dye. Under the optimized con-
ditions, the adsorption capacity and desorption rate of 
methylene blue were still high after 5 adsorption–desorp-
tion cycles. Sodium alginate is a linear polyhydroxy nat-
ural polymeric polysaccharide found in brown algae [22], 
which is widely available, cost effective and environmen-
tally friendly [23]. Sodium alginate is rich in carboxyl and 
hydroxyl groups, which can bind to dye molecules and is 
used to remove dye contamination from water. The combi-
nation of sodium alginate and other polymers can enhance 
water pollutant removal properties, and the introduction 
of inorganic materials, which can also remove pollutants 
by ion exchange or adsorption. Kausar et al. [24] success-
fully prepared a cellulose/clay/sodium alginate composite, 
which proved to be a low-cost alternative adsorbent for the 
decontamination of dye contamination, achieving 90% dye 
adsorption under optimal adsorption conditions. Moderate 
grafting modification of sodium alginate can enhance its 
adsorption capacity, and covalent or non-covalent cross-link-
ing can change chemical resistance and mechanical strength. 
Wang et al. [25] synthesized sodium alginate grafted poly-
mer composite beads, which had a special cross-linked 
network structure and abundant functional groups and 
showed excellent adsorption performance for the dye meth-
ylene blue, with the adsorption capacity of 390.78 mg·g–1 for 
methylene blue. Soury et al. [26], successfully prepared mes-
oporous tetrakis(2,4,6-trimethylphenyl)porphyrin zinc(II)-
loaded sodium alginate gel beads, and the maximum 
adsorption capacity of sodium alginate composite beads for 
methylene blue was 52.3 mg·g–1. In order to, overcome the 
limitations of sodium alginate in wastewater treatment due 
to its mechanical defects. Kondaveeti et al. [27], synthetized 
alginate/xanthan co-blended beads and freeze-dried them 
in calcium chloride to improve the porosity. 91% removal 
of methylene blue was still achieved by the beads after 4 
adsorption–desorption cycles. For the improvement of the 
adsorption capacity of the sodium alginate adsorbent, other 
substances can be introduced to compound and chemically 
modify it. The improved mechanical properties facilitate 
better applications in water treatment. For the treatment 
of organic dye wastewater, recyclable green hydrogel has 
the advantages [28–30] of low price, wide source range, 
biodegradability, and environmentally friendly. However, 
their practical application in industry is limited due to 
low adsorption capacity, poor mechanical property and  
stability [31,32].

Double network hydrogel [33–35] is a composite mate-
rial whose mechanical property and stability can be greatly 
improved due to the introduction of another network. 
Polyacrylamide (PAM) has been used to remove vari-
ous metal ions and dyes from aqueous solutions [36] with 
many advantages such as biodegradability, hydrophilicity, 
and adsorption property. The double network hydrogel is 
obtained by introducing polyacrylamide network into the 
biomass-hydrogel network, which can not only improve 
its mechanical property and stability, but also improve its 
adsorption performance. Yao et al. [37], prepared magnetic 
polyacrylamide porous microspheres for adsorbing cationic 
dyes, the results showed that the microspheres had high 
adsorption efficiency for methylene blue, and the adsorption 

capacity increased from 263 to 1,977 mg·g–1, as the initial 
methylene blue concentration increased from 5 to 300 mg·L–1. 
Maijan et al. [38], developed a hydrogel (NR-g-PAM) based 
on a semi-interpenetrating network of natural rubber and 
polyacrylamide. The formation of the semi-interpenetrat-
ing network structure improved the mechanical property, 
and the removal rate of methylene blue from the NR-g-PAM 
hydrogel was 90%. However, it is rare to use the hydrogel 
composited with natural biomass polymer and polyacryl-
amide for the treatment of dye wastewater.

In this study, we simply and quickly synthesized a car-
boxymethyl chitosan-oxidized sodium alginate-gelatin/
polyacrylamide (CMCS-OSA-GEL/PAM) hydrogel as adsor-
bents with high adsorption performance, excellent mechan-
ical properties and multiple recycling by one pot method, 
and evaluated its adsorption effect by adsorbing methylene 
blue represented organic dye wastewater. A large number 
of active functional groups such as hydroxyl (–OH), amino 
(–NH2) and carboxyl (–COOH) groups beneficial to adsorp-
tion came from cheap biomass such as carboxymethyl chi-
tosan, gelatin and oxidized sodium alginate. The Schiff 
base reaction of oxidized sodium alginate with gelatin and 
carboxymethyl chitosan was used as the first network, and 
the polyacrylamide obtained through free radical polym-
erization was used as the second network. The chemical 
structure, micro morphology and properties of the double 
network hydrogels were characterized. The effects of factors 
such as adsorbent dosage, initial methylene blue concen-
tration, pH and temperature on the adsorption properties 
were also studied. In addition, the isotherms, kinetics and 
adsorption mechanism of the adsorption process were also  
studied.

2. Materials and methods

2.1. Materials

Gelatin (GEL, BR, molecular weight: 10,000–50,000), 
carboxymethyl chitosan (CMCS, BR, degree of substitu-
tion >80%,) and methylene blue (≥90%,) were purchased 
from Macklin, Shanghai. Sodium alginate (AR, molecular 
weight: 2,000–5,000, viscosity: 15–60 mpa·s), sodium perio-
date (NaIO4, AR), acrylamide (AM, 99%), N,N’-methylene 
bisacrylamide, (MBA, 99%), ammonium persulfate (AR, 
98.5%), N,N,N’,N’-tetramethylethylenediamine (TEMED, 
99%), ethylene glycol (AR, 98%), absolute ethanol (AR) 
and hydrochloric acid (AR) were purchased from Chengdu 
Kelong Chemical Co., Ltd., (Chengdu, China). Deionized 
water (self-made in the laboratory).

2.2. Preparation of oxidized sodium alginate

The oxidized sodium alginate was prepared according to 
this literature [39]. Sodium alginate (5 g) was dispersed in 
25 mL absolute ethanol in a round bottom flask, and sodium 
periodate (2.8 g) was dissolved in deionized water. Then the 
sodium periodate solution slowly was added to the round 
bottom flask. The reaction was stirred in a magnetic stirrer 
for 6 h under shading conditions. Finally, ethylene glycol 
(2 mL) was added slowly and stirred for 1 h to terminate 
the reaction. The white substance obtained from the reaction 
was added to ethanol, stirred and filtered, then the product 
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was washed by a mixture of water and ethanol (1:1), filtered 
and repeated three times, dried in a vacuum drying oven 
(40°C, 12 h) to obtain a solid product.

2.3. Preparation of CMCS-OSA-GEL/PAM double network 
hydrogel

CMCS-OSA-GEL/PAM double network hydrogel was 
prepared by a simple and easy one-pot method [40]. First, 
OSA solution was added to GEL (8 wt.%), CMCS (4 wt.%), 
AM (6 wt.%), MBA (0.1 wt.%) mixed solution to stir, ultra-
sonic and make the first network react. After 5 min, the 
catalyst TEMED (40 µL) was added and mixed uniformly 
by ultrasonic, the initiator ammonium persulfate (1 mL, 
0.3 wt.%) was added to initiate the free radical polymer-
ization to obtain the second network, and the CMCS-OSA-
GEL/PAM double network hydrogel was obtained. In order 
to, investigate the effect of OSA concentration on adsorp-
tion performance, CMCS-OSA-GEL/PAM double network 
hydrogel was prepared with different concentrations of OSA.

2.4. Characterization

The structural changes of OSA-SA were analyzed by 
Proton nuclear magnetic resonance (1H NMR; JNM-AL400, 
JEOL Co., Ltd., Japan). The functional groups of OSA and 
CMCS-OSA-GEL/PAM hydrogel were analyzed by Fourier-
transform infrared spectroscopy (Nicolet iN10, Thermo 
Fisher, USA). The pore structure of CMCS-OSA-GEL/PAM 
hydrogel was observed by scanning electron microscope 
(JSM-6490LV FEI). Zeta potential of the sample was mea-
sured by using the Marvin laser particle size analyzer. The 
compressive strength of the double network hydrogel was 
tested by a universal material testing machine (Shimadzu 
AG-Xplus, Japan) at a pressing speed of 8 mm/min, the 
size of the hydrogel was a cylinder with a diameter of 
15 cm and a height of 10 cm.

2.5. Determination of swelling properties of CMCS-OSA-GEL/
PAM hydrogel

The swelling properties of CMCS-OSA-GEL/PAM hydro-
gel were determined by gravimetric method. After record-
ing the initial weight of the freeze-dried hydrogel, it was 
immersed in excess deionized water. The hydrogel was taken 
out and weighed at regular intervals. Repeating the above 
steps until the hydrogel quality was almost unchanged, 
that was, the hydrogel had reached the equilibrium of wet-
ting and swelling. The swelling degree of hydrogel was cal-
culated by equilibrium swelling ratio (ESR) (g·g–1) formula:

ESR �
�W W
W
d 0

0

 (1)

where Wd is the mass of double network gel when absorb-
ing water for a certain time and W0 is the mass of dry 
double network gel.

2.6. Adsorption properties of CMCS-OSA-GEL/PAM hydrogel

First, 1.0 g·L–1 methylene blue solution (0.25 g methylene 
blue dye, 250 mL volumetric flask) was prepared as mother 

liquor, diluted to different concentrations of methylene 
blue solutions (2, 4, 6, 8, and 10 mg·L–1, respectively), and 
the absorbance was measured at 664.5 nm with UV-visible 
spectrophotometer [41] (TU-1900) to obtain the standard 
curve. The concentration of dye solution was measured by 
UV-visible spectrophotometer. 30 mL of 0.3 mol·L–1 hydro-
chloric acid solution was prepared as desorption agent. 
The effects of hydrogel dosage, pH, temperature and the 
concentration of methylene blue solution on adsorption 
were studied. The adsorption and desorption of the dou-
ble network hydrogel were carried out in a constant tem-
perature water bath shaker (HNY) at a speed of 100 r·min–1. 
The adsorption capacity q (mg·g–1) and the removal rate 
E (%) of CMCS-OSA-GEL/PAM hydrogel were calculated 
by the following equations:

q
C C V
We

e�
�� �0  (2)
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where qe and qt (mg·g–1) are the amount of methylene blue 
adsorbed by CMCS-OSA-GEL/PAM hydrogel at adsorp-
tion equilibrium and a certain time, respectively. C0, Ct and 
Ce (mg·L–1) are the dye concentrations at initial time, a cer-
tain time and adsorption equilibrium, respectively. V (mL) is 
the volume of methylene blue solution. W (g) is the mass of 
dry hydrogel.

3. Results and discussions

3.1. Synthesis and characterization of CMCS-OSA-GEL/PAM 
hydrogel

The aldehyde group (–CHO) of OSA was obtained by 
oxidation of sodium alginate (SA) with sodium periodate 
[42] (NaIO4), the reaction was shown in Fig. 1a. In Fig. 1d, 
the first network was formed by the Schiff base reaction 
between the aldehyde group (–CHO) of OSA and the amino 
group (–NH2) of carboxymethyl chitosan (CMCS) and gel-
atin (GEL) to form –C=N–, which was a reversible chemical 
bond and hydrogen bond connection [42]. The second net-
work was formed by radical polymerization of acrylamide 
(AM) monomer under the cross-linking agent (MBA) and 
initiator (NH4)2S2O8, which was composed of irreversible 
covalent bonds [43]. The colorless hydrogel turned blue 
after adsorbing methylene blue, and the color of methylene 
blue solution turned pale significantly, as shown in Fig. 1d, 
which preliminarily proved that the double network hydro-
gel can adsorb methylene blue. Comparing the Fourier-
transform infrared spectroscopy (FTIR) spectral of SA and 
OSA in Fig. 1b, OSA displayed a stretching vibration peak 
[42] at 1,731.32 cm–1, which was caused by the stretching 
vibration of aldehyde group (–CHO), indicating that SA 
had been successfully oxidized to form OSA. 1H NMR also 
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verified the FTIR results, in 1H NMR of OSA in Fig. 1c, a 
new signal peak appeared at 8.3 ppm [44], which was the 
characteristic peak of aldehyde group (–CHO) on OSA. The 
characteristic peak appearing near 5.3 to 5.6 ppm was the 
characteristic absorption peak produced by the semi ace-
tal formed between the aldehyde group and the adjacent 
hydroxyl group. In FTIR spectrum Fig. 1e, the peaks from 

1,450 to 1,700 cm–1 of CMCS-OSA-GEL/PAM hydrogel was 
the stretching vibration peaks of amide groups in the sec-
ond network, and the stretching vibration peaks [45] of 
amide groups was at 2,910 cm–1, the peak at 1,641 cm–1 was 
presumed to be the common absorption peak of Schiff base 
bonds and ammonia groups in the first network. Therefore, 
it can be inferred that the CMCS-OSA-GEL/PAM hydrogel 

 
Fig. 1. Schematic diagram of the synthesis mechanism of oxidized sodium alginate (a) and double network hydrogels (d), 
Fourier-transform infrared spectroscopy (b) and proton nuclear magnetic resonance (c) spectra of oxidized sodium alginate, 
Fourier-transform infrared spectra (e) of CMCS-OSA-GEL/PAM hydrogel, and (f) scanning electron microscopy of CMCS-OSA-
GEL/PAM hydrogel.
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was successfully prepared. It can be seen from the Fig. 1f 
that the double network hydrogel had many pores dis-
tributed and closely arranged, and the diameter of the 
pore was mostly 20~40 µm. These pores can provide abun-
dant adsorption sites for the adsorption of small organic 
dye molecules, which were an important condition for its 
excellent adsorption performance.

3.2. Swelling of CMCS-OSA-GEL/PAM hydrogel

Swelling property is the evaluation of water absorption 
capacity of hydrogels [45]. It can be seen from Fig. 2a that 
the swelling degree of CMCS-OSA-GEL/PAM hydrogel was 
significantly lower than that of CMCS-OSA-GEL hydrogel. 
After swelling equilibrium, CMCS-OSA-GEL/PAM hydro-
gel was about 6 g·g–1, while CMCS-OSA-GEL hydrogel was 
about 16 g·g–1. The reason was that the two networks of the 
double network hydrogel were intertwined, which made 
the network structure of the hydrogel denser and restricted 
the entry of water molecules into the network. The double 
network hydrogels prepared in the experiment had low 
swelling properties. If the swelling degree of adsorbent 
material was too high, it will adsorb a large amount of 
water while adsorbing dyes, which was not conducive to 
the adsorption.

3.3. Compressive mechanical properties of CMCS-OSA-GEL/
PAM hydrogel

It can be seen from Fig. 2b that the compressive mechani-
cal properties of CMCS-OSA-GEL/PAM hydrogel were much 
better than those of CMCS-OSA-GEL hydrogel. The CMCS-
OSA-GEL hydrogel can withstand a stress of about 0.6 MPa, 
after adding a polyacrylamide network, the double-network 
hydrogel can withstand a stress of more than 1 MPa, whose 
mechanical properties were significantly improved. The 
double network structure can make the reversible dynamic 
Schiff base bond and hydrogen bond in the first network 
as the sacrifice when the material was subjected to force, 
and the internal fracture will consume internal energy 
[46], so that the covalent bond of the second network can 
withstand huge deformation.

3.4. Adsorption properties of CMCS-OSA-GEL/PAM hydrogels 
for methylene blue

3.4.1. Effect of OSA concentration

OSA was the macromolecular crosslinker to formed the 
first network, which affected the pore structure of the whole 
double network hydrogels, so it determined its adsorption 
performance to a large extent. Hydrogels (10 mg) with dif-
ferent OSA concentrations were added to methylene blue 
solution (50 mL of 50 mg·L–1) to investigate their adsorp-
tion properties. As can be seen from Fig. 3a, when the OSA 
concentration was 6 wt.%, the maximum adsorption capac-
ity of CMCS-OSA-GEL/PAM hydrogel for methylene blue 
molecules was about 218 mg·g–1. With the further increase 
of OSA concentration, the adsorption capacity decreased. 
As OSA was the crosslinking agent of the first network 
and also was a high molecular polymer, which will signifi-
cantly affect the pore size and distribution of hydrogel. If 
OSA was too low, the formed pores will be relatively large, 
which was not conducive to the adsorption of small molecule 
methylene blue; If the concentration of OSA was too high, 
the double network gel will be denser and the pore distri-
bution will be sharply reduced, resulting in a great decrease 
in its adsorption performance. Therefore, the selected hydro-
gels with an OSA concentration of 6 wt.% were used in the  
experiments.

3.4.2. Effect of hydrogel dosage

In order to, analyze the effect of hydrogel dosage on 
adsorption performance, 5, 10, 15, 20, 30 and 40 mg of hydro-
gel were taken to absorb methylene blue solution (50 mL 
of 50 mg·L–1). According to Fig. 3b, with the increase of the 
dosage of hydrogel, the removal rate of methylene blue by 
CMCS-OSA-GEL/PAM hydrogel gradually increased. When 
the amount of hydrogel reached 15 mg, the removal rate 
reached 93%. Later, the dosage of hydrogel was increased, 
and the removal rate was almost unchanged. The adsorp-
tion capacity of methylene blue decreased gradually from 
420 to 50 mg·g–1. With the increase of hydrogel dosage, the 
active adsorption sites increased greatly, and more methy-
lene blue came into contact with the hydrogel, which greatly 

Fig. 2. (a) Swelling ratio of CMCS-OSA-GEL/PAM and CMCS-OSA-GEL and (b) compressive mechanical properties of CMCS-
OSA-GEL/PAM and CMCS-OSA-GEL.
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increased the adsorption rate. When the hydrogel dosage 
reached 15 mg, there were more adsorption sites, but the 
methylene blue molecules in the solution were limited, the 
adsorption was relatively saturated, more adsorption sites of 
hydrogel cannot be fully utilized. This result was consistent 
with the data reported in this literature [47].

3.4.3. Effect of methylene blue concentrations

To explore the effects of different methylene blue concen-
trations on the adsorption properties of CMCS-OSA-GEL/

PAM hydrogel, 10 mg of hydrogel were added to methylene 
blue solutions with concentrations of 20, 50, 100, 150 and 
200 mg·L–1, respectively. From Fig. 3c, with the increase of 
initial methylene blue concentration, the adsorption capac-
ity of CMCS-OSA-GEL/PAM hydrogel for methylene blue 
gradually increased. When the initial methylene blue con-
centration reached 200 mg·L–1, qe even reached 900 mg·g–1. 
The increasing concentration difference of methylene blue 
will overcome the diffusion resistance between methylene 
blue solution and solid-phase hydrogel, making methylene 
blue molecules more fully contact with hydrogel, and finally 

Fig. 3. Effect of oxidized sodium alginate concentration (a), adsorbent dose (b), methylene blue solution concentration (c), pH (d) 
and temperature (e) on the methylene blue adsorption, cycle adsorption–desorption performance (f) of CMCS-OSA-GEL/PAM 
hydrogel.
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improve the adsorption capacity. However, the adsorption 
sites of hydrogel were limited, with the increase of meth-
ylene blue concentration, the more adsorption sites occu-
pied, the removal rate of methylene blue will decline to a 
certain extent. This was similar to the conclusion of this 
literature [48].

3.4.4. Effect of pH

CMCS-OSA-GEL/PAM hydrogel (10 mg) was added to 
methylene blue solution (50 mL of 50 mg·L–1) whose pH was 
adjusted to 2, 4, 6, 8 and 10 for adsorption experiments. As 
shown in Fig. 3d, when the pH was 8, the adsorption capac-
ity reached the maximum, about 247.9 mg·g–1. Methylene 
blue was a cationic dye, which was adsorbed by hydrogel 
through electrostatic interaction and hydrogen bond. pH 
was an important factor for the adsorption process of meth-
ylene blue, which will affect its electrical property, because 
the hydrogel contained a large number of amino and car-
boxyl groups. Under acidic conditions, the –NH2 group in 
the hydrogel network was protonated, resulting in compet-
itive adsorption with methylene blue molecules, in addi-
tion, carboxyl groups can also be converted into carboxylic 
groups, which reduced the electrostatic attraction between 
hydrogel and methylene blue to a certain extent, resulting 
in the decrease of methylene blue adsorption capacity of 
hydrogel. When the pH > 7, the –COO– on the hydrogel sur-
face showed a negative charge, which was conducive to the 
adsorption of cationic dye methylene blue [20]. Therefore, 
the adsorption amount of methylene blue on hydrogels 
had increased.

3.4.5. Effect of temperature

In order to study the effect of temperature on the 
adsorption performance of CMCS-OSA-GEL/PAM hydro-
gel, CMCS-OSA-GEL/PAM hydrogel (10 mg) was added to 
methylene blue solution (100 mg·L–1) for adsorption experi-
ment at 15°C, 25°C and 35°C. At certain intervals, the upper 
solution of methylene blue solution was taken to measure the 
absorbance. From Fig. 3e, the hydrogel reached adsorption 
equilibrium around 400 min, and its adsorption capacities 
were around 430, 480, and 540 mg·g–1 at 15°C, 25°C, and 35°C, 
respectively. Since the temperature increase will provide 
energy to accelerate the random thermal motion of the mol-
ecules, the methylene blue molecules and the CMCS-OSA-
GEL/PAM hydrogel solid can be more fully contacted.

3.4.6. Cycle adsorption and desorption properties of double 
network hydrogels

To explore the cycle adsorption and desorption per-
formance of CMCS-OSA-GEL/PAM hydrogel, 30 mL of 
0.3 mol·L–1 hydrochloric acid solution was used as the 
desorption agent in this experiment. First, the CMCS-OSA-
GEL/PAM hydrogel was saturated with methylene blue. 
Then, this hydrogel was put into hydrochloric acid solution 
and desorbed for 4 h in a constant temperature shaker at a 
speed of 100 rpm. From Fig. 3f, the methylene blue adsorp-
tion rate of the hydrogel decreased from 93.2% to 86.4% 
when cycling to the 7th time. After 7th cycle of adsorption 

and desorption, the removal rate of methylene blue by 
CMCS-OSA-GEL/PAM hydrogel still reached more than 
86%, and the desorption rate was still more than 90%. This 
was due to the stability induced by the excellent mechan-
ical properties of the double network hydrogel, indicating 
that the CMCS-OSA-GEL/PAM hydrogel was feasible as a 
recycling adsorption material.

3.5. Adsorption and desorption performances

3.5.1. Adsorption isotherm analysis

In this paper, Langmuir and Freundlich models were 
selected to describe the adsorption process [49]. The 
Langmuir model describes uniform energy distribution 
and single-layer adsorption, while the Freundlich model 
describes non-uniform energy distribution and multi-layer 
adsorption. The Langmuir and Freundlich isotherm equation 
are linearized into Eqs. (5) and (6), respectively:

C
q

C
q q K

e

e

e

L

� �
max max

1  (5)

ln ln lnq K
n

Ce F e� �
1  (6)

where qe is the equilibrium adsorption capacity (mg·g–1), Ce is 
the equilibrium concentration (mg·L–1), KL is the Langmuir 
isothermal constant (L·mg–1) and qm is the maximum 
adsorption capacity of Langmuir isotherm; KF is related to 
Freundlich adsorption capacity (mg·g–1(L·mg–1)1/n), and the 
heterogeneity factor is 1/n.

In addition, in the Langmuir adsorption isothermal 
model, the dimensionless separation factor RL can also 
characterize whether the adsorption is favorable, which is 
expressed by Eq. (7):

R
K CL
L

�
�
1

1 0

 (7)

where RL represents [50] that the adsorption process is 
unfavorable (RL > 1); favorable (1 > RL > 0); linear (RL = 1); 
irreversible (RL = 0).

Fig. 4a and b can be obtained by performing linear fit-
ting calculation on the experimental data by Eqs. (5) and 
(6), respectively, which are the linear fitting diagrams of 
the Langmuir and Freundlich models, respectively. The 
data in Table 1 show that the adsorption isotherm model 
of hydrogel was more suitable for the Langmuir model 
and its correlation coefficient R2 was higher than that of 
the Freundlich model. Therefore, this indicated that meth-
ylene blue was adsorbed by hydrogel as a monolayer, and 
separation factor RL was also between 0 and 1, indicating 
that the reaction was spontaneous. Similar findings were 
obtained for different dye-adsorbent systems in literature 
[51,52]. The theoretical maximum adsorption capacity of 
hydrogel for methylene blue at 15°C, 25°C and 35°C were 
487.8, 549.45 and 595.7 mg·g–1, which was close to the 
experimental value.
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3.5.2. Adsorption kinetic analysis

Adsorption kinetics is used to describe the change of 
adsorption capacity with time and to study the adsorption 
mechanism. Kinetic models of pseudo-first-order and pseu-
do-second-order represent physical and chemical adsorption, 
respectively [46]. For the pseudo-first-order kinetic model, 
the adsorption rate is mainly determined by diffusion; for 
the pseudo-second-order kinetic model, the interaction 
between adsorptions is considered to determine the adsorp-
tion rate. The pseudo-first-order and pseudo-second-order 
equations are represented by Eqs. (8) and (9):

ln lnq q q k te t e�� � � � 1  (8)

t
q k k

t
qt t e

� �
1

2
2  (9)

where qt is the adsorption capacity at a certain time; k1 and 
k2 is the adsorption rate constant of the pseudo-first-order 
and pseudo-second-order.

Fig. 5a and b are calculated by linear fitting of the experi-
mental data through Eqs. (8) and (9), respectively, and which 

 
Fig. 4. Adsorption isotherm models study for methylene blue on hydrogel (a) Langmuir and (b) Freundlich adsorption isotherm.

Table 1
Langmuir and Freundlich adsorption isotherm models for the methylene blue on the hydrogel

T (K) Langmuir Freundlich

qmax KL (L·mg–1) R2 RL KF (mg·g–1(L·mg–1)1/n) n R2

298 487.8000 0.00205 0.9627 0.7092 39.9600 1.7000 0.94282
308 549.4500 0.00182 0.9923 0.7331 65.8487 2.1597 0.94198
318 595.7000 0.00168 0.9928 0.7485 79.9338 2.0160 0.96916

Fig. 5. Adsorption kinetic study for hydrogel pseudo-first-order (a) and pseudo-second-order (b).
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are the linear fitting diagrams of pseudo-first-order (a) and 
pseudo-second-order (b) adsorption kinetic, respectively. 
According to Table 2, the correlation coefficient R2 (>0.99) 
of the pseudo-second-order kinetics was higher than that of 
pseudo-first-order, indicating that the adsorption of meth-
ylene blue by the material was more suitable for the pseu-
do-second-order kinetic model. The adsorption of hydrogel 
was mainly chemical adsorption such as interaction between 
ions, hydrogen bonding, electrostatic interaction, etc.

3.5.3. Adsorption thermodynamic analysis

The exchange of energy between the environment and 
the system during the occurrence of adsorption is described 
by adsorption thermodynamics, which is also often used 
to observe the spontaneity and feasibility of adsorption 
[53]. Thermodynamic study on the process of adsorption 
of methylene blue (MB) in solution by double network 
hydrogel at 298, 308 and 318 K is carried out by using the 
following formulas to obtain ΔH, ΔS, ΔG.

K
K
Cc
L

e

=  (10)

�G RT Kc� � ln  (11)

lnK S
R

H
RTc � �

� �  (12)

where Kc is the equilibrium constant, KL is Langmuir con-
stant (L·mg–1), Ce is the equilibrium concentration (mg·L–1), 
R is the molar gas constant (8.314 J·K–1·mol–1), ΔG is the free 
energy change value (kJ·mol–1) of the adsorption process, 
ΔH is the enthalpy change value (kJ·mol–1) of the adsorption 
process, ΔS is the change value of the adsorption entropy 
(J·mol–1·K–1). ΔS and ΔH are obtained by using the intercept 
and slope of the line made by lnKc to 1/T.

The results show in Table 3 that ΔG < 0, indicating that 
the adsorption of MB on the double network hydrogel was 
spontaneous. With the increase of temperature, the abso-
lute value of ΔG also increased, indicating that the higher 
the temperature, the more favorable the adsorption of MB 
by the dual network hydrogel. ΔH > 0 indicated that the 
adsorption of MB by double network hydrogels was an 
endothermic process. ΔS > 0 meant that the whole adsorp-
tion process tended to be disorderly and spontaneous.

3.5.4. Adsorption mechanism

Methylene blue is a cationic dye. In Fig. 6a, the hydro-
gel adsorbent shows negative potential, after adsorption 
of methylene blue, the potential changed from negative 
potential to positive potential, indicating that the hydro-
gel adsorbed methylene blue through electrostatic action. 
At the same time, according to Fig. 6b, the –OH stretching 
vibration peak shifted from 3,405 to 3,384 cm–1, the NH2 
stretching vibration peak shifted from 1,634 to 1,623 cm–1, 
and the C–O stretching vibration peak shifted from 1,463 to 
1,425 cm–1, indicating the adsorption effect produced by the 
interaction between methylene blue solution and the –OH, 
NH2 and C–O groups on the surface of hydrogel through 
hydrogen bonding and electrostatic bonding. According to 
Fig. 6c the nitrogen adsorption desorption isotherm before 
and after the adsorption of the hydrogel, the specific sur-
face area of the hydrogel before the adsorption reaction was 
0.954 m2·g–1, and after the adsorption of methylene blue, 
the specific surface area decreased to 0.145 m2·g–1, and the 
surface of the hydrogel adsorbed with methylene blue. 
According to the chemical structure of hydrogel, such as 
amino group (–NH2), hydroxyl group (–OH) and carboxyl 
group (–COO–), it can be speculated that the adsorption of 
methylene blue was through the electrostatic interaction 
of ions and hydrogen bonding. methylene blue adsorption 
can also be achieved by pore diffusion. The adsorption of 
methylene blue by the hydrogel adsorbent was consis-
tent with the Langmuir model and the pseudo-secondary 
kinetic model, indicating that the adsorption of methylene 
blue by the material was a monolayer and surface homo-
geneous chemisorption. The parameters of thermodynam-
ics indicated that the adsorption reaction of the material 
on methylene blue was a spontaneous and heat-absorbing  
process.

Table 2
Adsorption kinetic parameters adsorption on CMCS-OSA-GEL/PAM hydrogel

Kinetic model Parameters 298 K 308 K 318 K

Pseudo-first-order
k1 (min–1) 8.9 × 10–3 8.12 × 10–3 8.7 × 10–3

qe (mg·g–1) 432.11 473.43 546
R2 0.9188 0.9595 0.9214

Pseudo-second-order
k2 (g·mg–1·min–1) 1.167 × 10–5 1.35 × 10–5 1.45 × 10–5

qe (mg·g–1) 609.76 625.01 662.25
R2 0.9938 0.9972 0.9955

Table 3
Thermodynamic parameters of CMCS-OSA-GEL/PAM 
hydrogel adsorbing methylene blue

T (K) ΔG (kJ·mol–1) ΔH (kJ·mol–1) ΔS (J·mol–1·K–1)

298 –11.05
73.74 282.68308 –12.89

218 –16.76
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4. Conclusion

In this work, a dual network hydrogel (CMCS-OSA-GEL/
PAM) of biomass-based polymers and synthetic polymers 
was prepared by a one-pot method. After the polyacrylamide 
network was compounded, the hydrogel can withstand a 
stress of more than 1 MPa, which was twice the stress of the 
biomass based single network. The adsorption capacity of 
the CMCS-OSA-GEL/PAM hydrogel can reach 911 mg·g–1, 
when the methylene blue concentration was 200 mg·L–1. 
The removal rate of methylene blue by CMCS-OSA-GEL/
PAM hydrogel reached more than 93%, and the adsorp-
tion rate was still above 86% after 7 adsorption–desorp-
tion cycles. CMCS-OSA-GEL/PAM hydrogel with a large 
number active groups such as carboxyl, amino, hydroxyl, 
amide, showing satisfactory mechanical property, rich pore 
structure, cycle stability, which was an excellent adsorbent 
material for the treatment of dye wastewater.
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