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This study used a straightforward one-pot method was accustomed to prepare a composite
hydrogel prepared with polyvinyl alcohol (PVA) and chitosan (CS) as substrates doped with
hydrophilic nano-sio2 and GO. The composition and structure of the composite hydrogel
were characterized by SEM, XRD, XPS, etc, as well the tensile and compression tests were
carried out. The effects of temperature, pH, concentration of adsorbent and other related
parameters on adsorption properties were studied. Adsorption kinetics and the adsorption
process was fitted using adsorption isotherm models of composite hydrogels. The results
show that the hydrogel both has excellent mechanical characteristics, and has strong
adsorption properties for methylene blue (MB) in dye wastewater. The maximum tensile
strength of the composite hydrogel exceeds 1750kPa, the maximum tensile displacement is
300% of the initial form, and the maximum compressive strength exceeds 13000kPa. This
is mainly due to the enhancement of nano-sio2 and the hydrogen bond interaction between
the molecules. The optimum adsorption temperature of methylene blue was 55°C, pH was
7.0, and the concentration of adsorbent was 5%. PCG three-dimensional network structure
composite hydrogel might be utilised as an inexpensive, sustainable and effective adsorbent
for the removal of dye industry wastewater in textile industry, and has broad industrial

application prospects.
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1. Introduction

With the advancement of the global process of industrialization, the utilization of heavy
metals and dyes has increased significantly [1]. While enriching human life, these substances also
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lead to important consequences in terms of water pollution. Industrial effluent penetrates into people
body through complex water network, causing great harm to life and health of human [2-4].
Conventional techniques like ion exchange, chemical precipitation, photocatalysis, and biological
techniques have been used for wastewater purification to get rid of dyes and heavy metal cations[5].
But real-world implementation of these techniques faces challenges due to high costs, complex
processing procedures, and the potential for secondary pollution during recycling [6-7].

The adsorption and ion exchange mechanisms are employed in the adsorption mechanism.
So as to facilitate sewage treatment, the adsorption material generates a variety of intermolecular
interactions between the surface group and the target ions of heavy metals when the adsorption
process [8]. These forces include intermolecular forces such as ionic bonds, hydrogen bonds and
coordination bonds. In the case of dye molecules, They cling to substantial things surfaces by
physical interactions (hydrogen bonding, van der waals force), chemical interactions as well as ion
exchanges in adsorption, and can be successfully extracted from sewage [9-10]. The examination of
wastewater treatment techniques for contamination by heavy metals and dyes shows the enormous
research opportunity of adsorbent techniques. Activated carbon, Common adsorbents include
hydrogel and inorganic silica gel [11]. However, activated carbon adsorbents are hampered by being
expensive and conventional, which limits their large-scale application. In the instance of silica gel,
they generally have weak thermal stability and a low adsorption capability. The adsorption rate of
microporous silica gel decreases experiences difficulties with desorption in low humidity situations,
while the desorption rate of macroporous silica gel exhibits greater porosity, but the capacity for
adsorption is restricted [12-15]. The unique three-dimensional network structure of hydrogel
adsorbents, comprising several hydrophilic groups (-OH, -COOH). These groups can retain
substantial quantities of water and interact with heavy metal ions. Therefore, hydrogel adsorbents
show significant adsorption capacity for heavy metal ions, which has attracted the attention and
interest of researchers for use and future development [16]. Hydrogels are the most often utilized
adsorbent materials; they can be classified as either natural or manufactured. The synthetic hydrogel
has excellent mechanical properties, high expansion rate and long service life [17]. Nevertheless,
the majority of artificial hydrogel materials are derived from petrochemical products, which lack of
biodegradability and renewability, resulting in environmental pollution problems. Therefore,
investigating materials made of natural polymers has been paid more and more attention. Natural
polymer hydrogels can absorb nutrient-rich materials, heavy metals, other water-based contaminants
and dyes thanks to their chemical groups, and thus have further potential for wastewater treatment
[18-20]. Natural polymer hydrogels have the advantages of abundant resources, high cost
performance, good biocompatibility and biodegradability [21]. Due to the abundant amino, natural
polymer hydrogels have outstanding adsorption qualities, hydroxyl groups and carboxyl that can
interact with dyes and heavy metal ions. Therefore, research on hydrogel adsorbents made of natural
polymers is very important [22]. A type of economical alkaline polysaccharide found in nature,
chitosan (CS) has remarkable adsorption characteristics and the potential to be utilised extensively
in wastewater treatment. A large number of chitosan's free active groups possess the capability to
bind transition metal cations to promote the process of agglomeration and adsorption, in order to
attain the objective of wastewater treatment [23]. Chitosan exhibits exceptional biocompatibility,
decomposability, as well as other qualities [49]. Using a straightforward two-step process, Wu et al.
created a sulfonic acid modified chitosan/poly N-isopropylacrylamide complex hydrogel and
demonstrated it ability to adsorb heavy metal ions like Cu and Pb from sewage, wit 172 mg/g and
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69 mg/g, respectively, are the highest adsorption capacities [24-26]. DNA-CS hydrogels were
created by Chan et al. via in-situ DNA polymerization with opposite charge and chitosan
polyelectrolyte through electrostatic crosslinking. Because there are a lot of cations and anions in
the hydrogel, it has remarkable impact of desorption on heavy metal ions, cationic dyes, and anionic
dyes [27-28]. Cellulose is often utilized in the treatment of wounds and drug-controlled release.
Cellulose hydrogels are non-toxic, biodegradable and have excellent biocompatibility. They are
excellent environmentally friendly biomaterials [29]. In addition, cellulose hydrogels have great
potential in wastewater treatment. Wang prepared high crosslinking polyvinyl alcohol /
carboxymethyl cellulose hydrogel, for Ni, Cu, Zn and other heavy metal ions have good adsorption
performance, under alkaline conditions by chemical crosslinking cellulose-carboxymethyl
cellulose/clay hydrogel, has good adsorption effect of methylene blue, the maximum removal rate
0f 98% [30]. One interesting approach is to form nanoscale silica in situ in biopolymers, rather than
directly incorporating silica nanoparticles into the polymer matrix [31]. Hybridization of
biopolymers with nanoscale silica has been applied in several fields. In addition, As they can
protonate in acidic environments and deprotonate in neutral ones, bio-derived composite hydrogels
containing nitrogen (N) and oxygen (O) functional groups have a high adsorption capacity [32-35].
This allows them to use ion exchange, hydrogen bonding, and electrostatic attraction to adsorb
pollutants that are negatively and positively charged. In this study, chitosan and silica nanoparticles
were incorporated into the PVA skeleton in a harmonious ratio and were compatible with each other,
aiming to develop anion-trapping nanocomposite hydrogels with amino functional groups and rich
carboxyl [36]. Using chitosan (CS) and polyvinyl alcohol (PVA) as matrix substances, PCG
composite hydrogels were prepared by doping hydrophilic silica and graphene oxide in the matrix
to improve the adsorption capacity of natural polymer hydrogels and mechanical properties. Various
characterization methods were used to evaluate its synthetic state, test its swelling and mechanical
properties, and use it as a natural adsorbent for adsorption of MB. Using PVA and CS as the skeleton
of hydrogel, on the one hand, the insufficient adsorption capacity of PVA hydrogel is solved, and
the influence of traditional CS hydrogel skeleton is also solved [37]. Further doping of nano-silica
and graphene oxide can improve the silica mechanical properties of high-molecular weight polymer
networks, and enhance the adsorption capacity of MB by using functional groups containing oxygen
on graphene oxide's surface [38].

2. Experimental part

2.1. Materials

Polyvinyl alcohol (PVA, solubility /mol=98, viscosity :45.0-55.0/mPa*s, average degree
of polymerization is 1750 &= 50,) and methylene blue (MB) were purchased from Sinopharm
Chemical Reagent Co., LTD. Chitosan (CS, molecular weight of unit 161.2) was purchased from
Tianjin Zhonglian Chemical Co., LTD. Graphene oxide (GO, thickness: 5nm, layer diameter: 0.4-
10um) purchased from Jisheng Carbon Fiber (Guangdong) Co., LTD. Hydrophilic nano silica
(20nm), hydrochloric acid (HCl) and sodium hydroxide (NaOH) are all supplied by Shanghai
McLean Biochemical Technology Co., LTD. All commercially available reagents purchased are
analytical grade and can be used without further purification.
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2.2. Preparation of composite hydrogel

Firstly, 1.0g of chitosan was weighed and fully dissolved in 45ml of 2% acetic acid solution,
then 0.25g of graphene oxide was added and the beaker was placed in an ultrasonic shaker for 30
minutes to ensure uniform dispersion of graphene oxide. Then 5g of polyvinyl alcohol was weighed
and poured into the beaker, and the beaker was agitated in a pulp while submerged in a water bath
at 95°C for two hours. Secondly, after the polyvinyl alcohol is completely dissolved, the water bath's
temperature is adjusted to 70°C, and 0.3g nano-silica is weighed into the beaker and stirred at low
speed until completely dissolved. Finally, the prepared composite hydrogel was poured into the
polytetrafluoroethylene mold and put into the freeze dryer, and the sample was taken out every six
hours and thawed at 5°C for two hours, which was a freeze-thaw cycle, requiring five cycles of
freeze-thaw. The prepared hydrogels were named as PCG 3D network composite hydrogels.
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Fig. 1. PCG-SiO; Schematic diagram of gel preparation process.

2.3. Characterization of composite hydrogel

The fracture cross section of PCG-SiO2 hydrogel was observed by scanning electron
microscope at the accelerated Voltage of 15 kilovolts. Before observation, the composite hydrogel
specimens were freeze-dried and spattered with gold. The three-dimensional network hydrogels of
PVA, CS, GO and PCG-Si0O2 were characterized by Fourier transform infrared spectroscopy in the
transmission mode of 4000-500 cm-1. Before observation, the dry hydrogels were first crushed with
a grinder to obtain sample particles, and then the sample particles were ground into powder with a
mortar [39]. Finally, the powder samples were mixed with KBr. Elemental analysis and quantitative
spectrum of PCG-SiO2 3D network hydrogel before and after adsorption of methylene blue were
carried out by X-ray photoelectron spectroscopy, and finally Gaussian function fitting was used. The
thermal properties of the sample are analyzed using a thermogravimetric differential
thermogravimetric (TG-DTG) analyzer, which heats the sample to ranging from 30°C to 600°C in
increments of 10°C per minute in a nitrogen environment [40].
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2.4. Water content and swelling test of hydrogel

2.4.1. Water retention test

The prepared PCG hydrogels and PCG-sio2 hydrogels were respectively weighed at their
initial weights, and the two samples were weighed again every five hours at 25°C until the weight
of the two samples remained unchanged after complete dehydration. According to the starting
weight as well as the ending weight, the water content of the two examples can be determined
respectively, and the equation for calculating the water content is:

M;-M,
M,

Water content = X 100% (1)

M1: sample mass before dehydration, (g); M2: Mass of sample after complete dehydration,
(2).

2.4.2. Swelling test

In order to study the qualities of swelling of the sample hydrogels, the PCG-sio2 hydrogels
and lyophilised PCG hydrogels were placed in an oven at 60°C until the weight of the hydrogels
was completely dehydrated and remained unchanged, and their weights were weighed. Then the
dried hydrogel sample was soaked in a phosphate solution with pH = 7.2 at 25 ° C, the sample was
removed every five hours, the water on its surface was wiped and its weight was measured. Swelling
equilibrium is reached until its weight is unchanged. The swelling ratio is calculated as follows:

swelling ratio = % x 100% 2)
3

M3: Mass after complete dehydration, (g);
M4: Mass after the sample reaches the swelling ratio, (g).

2.5. Mechanical properties of hydrogel

2.5.1. Tensile test

The mechanical tensile characteristics of composite hydrogels were studied using an
universal tester that has a 100N sensor. The tensile rate of the machine under the condition of the
machine is 50mm-min-1. All experimental samples were prepared in a customized teflon mold in
dumbbell shape (length 50 mm, width 1mm, thickness 2 mm, sample after processing measured by
a digital vernier caliper). At least 3-5 samples of each hydrogel were tested to obtain the average
tensile strength, elongation at break and tensile modulus. Tensile fracture strain (€) is delineated as:

e="1%100% 3)

lo

I: Stretch length of sample (mm);
lo: Initial length of the sample (mm)
The formula for calculating tensile stress (O) is:

o=+ 4)

F: load force (N); Ao. Original cross-sectional area of sample (m2)
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2.5.2. Compression test

The mechanical compression properties of composite hydrogel were studied by electronic
universal testing machine. The mechanical compression rate was 3mm-min-1 under the condition of
250 N load cell. The cylindrical experimental sample (diameter 15mm, height 18mm, measured by
digital vernier caliper after processing) was prepared by 24-well culture plate. At least 3-5 samples
were tested for each group of hydrogels, and data such as average compression strength and
compression modulus were obtained.

2.6. Adsorption performance test of hydrogel

2.6.1. Influence of different temperatures on adsorption performance

Methylene blue solution containing 150mg/L was prepared by simulating dye wastewater.
First, prepare 4 beakers and pour 100ml of prepared solution into each beaker; Then the prepared
circular thin slice sample hydrogel was divided into 4 pieces of uniform size and weighed to control
the quality error of the sample, put into the beaker solution and covered with cling film; Then the
six beakers were placed at 20°C, 35°C, 50 ° C and 65°C, and 5mL of the upper clear solution was
taken out and placed in test tubes every 6 hours. Finally, UV-visible spectrophotometer (Agilent
Cary 60 Agilent Technology Co., LTD., Malaysia) was used to detect the absorbance of the
supernatant at 665nm, and the quantity of dye in the solution was computed using the solution's
absorbance. The adsorption amount was calculated as follows:

Co—-C
Q=" XV 5)

Qq: the amount of dye adsorbed per unit mass of adsorbent (mg/g);
Co: the initial concentration of dye (mg/L);

Ci: the dye concentration after adsorption at any time (mg/L);

M: the mass of adsorbent per liter of aqueous solution (g/L);

V: the volume of solution (L).

2.6.2. Effect of different pH on adsorption performance

First, prepare 4 beakers, pour 100ml of prepared solution into the beakers, and adjust the
pH value to 4, 6, 7 and 8 respectively. Then divide the prepared circular sheet sample hydrogel into
4 pieces of uniform size and weigh them to control the sample quality error. Put them into the beaker
solution and cover them with plastic wrap. Every 6 hours, SmL of the upper clear solution was taken
out and placed in a test tube. Finally, the absorbance of the supernuant was detected at 665nm by
UV-VIS spectrophotometer, and in accordance with the resolution's absorbance, the dye
concentration was computed.

2.6.3. Effect of different contents of GO on adsorption performance

Control the added GO content as (0.15g, 0.2g, 0.25¢g, 0.3g, 0.35g), prepare 5 beakers, pour
100ml of prepared solution into the beakers respectively, then divide the prepared circular thin slice
sample hydrogel into 5 pieces of uniform size and weigh them to control the sample quality error,
put them into the beaker solution and cover with plastic wrap. The beaker was placed at room
temperature, and SmL of the upper clear solution was taken out and placed in a test tube every 6
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hours. Finally, the absorbance of the superserum was detected at 665nm used via UV-VIS
spectrophotometry, and the concentration of dye in the solution was discovered by calculating the
absorption of the mixture

2.6.4. Effect of different contents of CS on adsorption performance

Control the added CS content as (0.8g, 0.9¢g, 1.0g, 1.1g, 1.2g), prepare 5 beakers, pour 100ml
prepared solution into the beakers respectively, then divide the prepared circular thin slice sample
hydrogel into 5 pieces of uniform size and weigh them to control the sample quality error, put them
into the beaker solution and cover with plastic wrap. The beaker was placed at room temperature,
and SmL of the upper clear solution was taken out and placed in a test tube every 6 hours. Finally,
the absorbance of the superserum was detected at 665nm used via UV-VIS spectrophotometry, and
the concentration of the dye in the solution was computed based on the absorbance of the solution.

2.6.5. Effect of different initial dye concentration on adsorption performance

Add 5ml, 10ml, 15ml and 20ml solution with a concentration of 150 mg/L into 4 beakers
respectively, and then add deionized water until the volume of the solution in the beaker is 100ml.
Then divide the prepared circular thin slice sample hydrogel into 4 pieces of uniform size and weigh
them to control the sample quality error, put them into the beaker solution and cover them with
plastic wrap. The beaker was placed at room temperature, and SmL of the upper clear solution was
taken out and placed in a test tube every 6 hours. Finally, the absorbance of the superserum was
detected at 665nm used via UV-VIS spectrophotometry, and the dye concentration in the solution
was computed based on the absorbance of the solution.

2.7. Adsorption Kinetics

The experimental data of PCG-SiO» hydrogel adsorption of methylene blue solution were
fitted by the experimental mechanism was examined utilising quasi-second-order adsorption
kinetics and quasi-first-order.

The proposed primary order adsorption dynamical formula is expressed as follows:

In(gqe — q¢) =Inqe — kgt (6)

ge: adsorption capacity of adsorbent in equilibrium state (mg/g);

qt: adsorption amount of adsorbent at different times (mg/g);

Ki: adsorption rate constant of pseudo-first order kinetic equation (min-1).
The proposed secondary adsorption kinetics equation is expressed as follows:

t 1 t

+— (M

ac  kzqe? Qe

qge: saturated adsorption capacity (mg/g);
qt: adsorption capacity at different times (mg/g);
Ks: adsorption rate constant of pseudo-second order kinetics (g-mg/g-min)
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2.8. Isothermal adsorption line

The experimental data of PCG-SiO2 hydrogel adsorption of methylene blue solution under
different conditions were fitted utilizing Freundlich isothermal and Langmuir models to examine the
experimental mechanism.

The equation of the isothermal line model of Langmuir adsorption is as follows:

Ce 1 1

=1C+ (8)

de dm € amKL

C.: concentration of adsorbate in solution at equilibrium (mg-L-1);

de: adsorption capacity of adsorbent at equilibrium (mg-g-1);

gm: amount of adsorbate adsorbed by the adsorbate (mg-g-1);

Ki: Langmuir adsorption constant.

The equation of the isothermal line model of Freundlich adsorption is as follows:

Ing.==InC, +InK; 9)

de: adsorption capacity of adsorbent in equilibrium state (mg/g);
C.: concentration of adsorbate in solution at equilibrium (mg/L);
Ks: Freundlich adsorption constant.

3. Results and analysis

3.1. Characterization analysis of hydrogel

3.1.1. SEM analysis

The SEM images of (a)-(f) at different magnifications in Figure 2 all show obvious pore and
porous structures. The porosity of the hydrogel is important for the adsorption of dyes because it
provides more surface area, which expands the region in contact with the molecule of methylene
blue. The pore walls are mostly smooth, but slightly irregular morphology can be seen in some areas,
which may be attributed to the addition of graphene oxide and nano-silica. The addition of
nanomaterials usually results in the creation of a rough texture on the surface of the pore wall,
thereby increasing the effective surface area of the pore and further improving the adsorption
performance. The addition of nano-graphene oxide helps to increase the hydrogel's mechanical
strength and provides more functionalized sites for adsorbing dye molecules [41]. Chitosan has good
biocompatibility and amino functional group, which can also interact with methylene blue molecules
to enhance the chemisorption effect. The pore wall of the hydrogel is thick and uniform, suggesting
that it has good mechanical strength and structural stability. This is very advantageous for the
practical application of composite hydrogels, because when adsorbing dyes, the material needs to
maintain a certain stability in the aqueous phase without breaking. Due to the highly developed pore
structure and the synergistic effect of different functional components, the composite hydrogel is
anticipated to possess a high capacity for adsorption, especially under the dual action of large-scale
physical adsorption and chemical bonding.
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(e) )
Fig. 2. PCG-SiO; SEM images of hydrogels at different magnifications.

3.1.2. FTIR analysis

Figure 3(a) show that the characteristic attains maximum 3233 cm™ being equivalent to the
stretching vibration of O-H, reflecting the presence of hydroxyl group in PVA, and the distinctive
apex at 831cm™ is related to the bending vibration of C-H, reflecting the skeleton structure of PVA.
The characteristic attains maximum 1018 cm™ related to the stretching vibration of C-O-C and is
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the glycosidic bond in chitosan molecule [42]. The characteristic attain maximum 3183cm-1 is N-H
stretching vibration, while the C=C skeleton vibration peak at 1613 cm™ indicates the presence of
aromatic carbon skeleton in GO, and the epoxy group or hydroxyl group from GO shows C-O
stretching vibration at 1047 cm-1. The distinctive apex at 3260 cm™ corresponds to O-H stretching
vibration, 2915 cm™ matches to C-H stretching vibration, 1638 ¢cm™ equals to C=O stretching
vibration, 1082 cm-1 and 827 cm-1 equals to C-O and C-H vibration, respectively [43]. The
characteristics summit further verified the structural attributes of the PCG hydrogel containing PVA,
GO and CS.

3.1.3. XRD analysis

As shown in Figure 3(b), PVA has an obvious diffraction peak near 26=19°, which indicates
that PVA has partial crystallization characteristics, and the crystallinity of PVA is affected by
hydrogen bonding in its molecular structure. CS has a relatively wide diffraction attain maximum
about 20 = 20°, indicating that CS has a certain lacking a definite shape or form region at this
position [44]. Chitosan has certain crystalline and amorphous properties, and the existence of amino
and hydroxyl groups will form hydrogen bond networks, resulting in this wide peak on the XRD
pattern. SiO, has a very wide peak, a characteristic that typically indicates that SiO, is amorphous
silica, typically exhibiting a broad diffraction signal in the 26 = 15° to 30° range. GO has a wide
peak at about 20 = 11°, which corresponds to the 001 face of GO. This diffraction peak usually
reflects the layer spacing of graphene oxide, which is increased compared to graphite owing to the
influence of functional groups containing oxygen. The width of the peaks also suggests that GO's
amorphous nature is more pronounced. The X-ray diffraction pattern of PCG-SiO, shows a major
diffraction maximum around 28 = 22°, showing that the sample has some amorphous properties and
may contain some ordered regions. This amorphous peak is usually associated with the presence of
polymer matrix and amorphous silica, and the wider diffraction peak also indicates the amorphous
nature of the material.

3.1.4. TG/DTG thermal stability analysis

FIG. 3(c) shows the thermogravimetric analytical graph. Within the temperature spectrum
of ambient conditions to 500°C, PVA presents two significant weight loss stages, and about 10-15%
weight loss occurs at 50-150 °C due to evaporation of water and low molecular weight volatiles. At
250-3507C is the main decomposition stage of PVA, accompanied by a weight loss of about 60%,
which is related to the degradation of PVA's skeleton structure. The weight loss of CS is about 10%
due to the evaporation of adsorptive water in chitosan samples at 50-120 °C [45]. At 250-350 °C is
its main thermal degradation stage, involving the cleavage of molecular chains and the disintegration
of biological material, concluding in a weight loss of about 40%. PCG hydrogels showed a two-
stage degradation trend similar to CS and PVA, while the weight loss curves of PCG showed
improved stability of degradation relative to pure CS and PVA, possibly due to interactions between
the different components. Compared to PCG hydrogels, the thermal stability of PCG-SiO, is
improved, and this material exhibits relatively low weight loss in the high temperature region (250-
500 °C), showing the introduction of silica improves the heat stability of the material. Figure 3(d)
shows the thermogravimetric differential curve, where PVA has a significant peak weight loss rate
at about 300°C. This indicates that the decomposition of PVA is the most intense at this temperature,
which is the main decomposition stage. CS also has an obvious decomposition peak at about 300°C,
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but the width of the peak is relatively narrow, indicating that the decomposition process is more
concentrated. PCG hydrogels also have an obvious decomposition peak at about 300°C, but the peak
is slightly to the right of CS and PVA, indicating that the degradation temperature of PCG hydrogels
has increased, indicating that its thermal stability has improved. PCG-SiO, appears a decomposition
peak in a similar temperature range (about 300-320°C), but the magnitude of the apex is small and
slightly changed the right, indicating that PCG-SiO, decomposition speed is slower, and its thermal
stability is further improved [46].
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Fig. 3. (a) FTIR spectrum; (b) XRD spectrum; (c) TGA curve; (d) DTG curve.

3.2. Water content and swelling test analysis
Figure 4(a) shows the change of swelling ratio over time. Both PCG hydrogels and PCG-sio2
hydrogels show a trend of swelling ratio gradually escalating with the passage of time. The swelling
ratio of PCG hydrogel is about 4.3, while the swelling ratio of PCG-sio2 is about 3.7, which indicates
that the swelling capacity of PCG hydrogel is relatively higher. In the initial 20 hours, the swelling
rate of the two hydrogels was identical, but with the extension of time, the swelling ratio of PCG
hydrogels was larger than that of PCG-sio2 hydrogels. This may indicate that the introduction of
Si02 has an effect on the network structure of the hydrogel, reducing its water absorption capacity.
Figure 4(b) shows the weight changes of the two hydrogels at various temporal intervals, reflecting
the weight increase of the hydrogels after absorbing water. The weight of PCG hydrogels rose
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rapidly with the increase of time, eventually reaching about 2.2g, while the weight of PCG-sio2
hydrogels leveled off at about 1.6g. This indicates that PCG hydrogels have a stronger water
absorption capacity, while PCG-sio2 absorbs less water. This is consistent with the swelling ratio
trend in Figure (a), indicating that the introduction of SiO2 reduces the swelling performance and
water content of the hydrogel.
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Fig. 4. (a) swelling performance curve; (b) water content curve.

3.3. Mechanical performance analysis

As can be seen from FIG. 5(e), increasing of strain, the stress also gradually increases,
showing a non-linear upward trend. This shows that the two hydrogels exhibit obvious strain
hardening properties under large compressive strain. In the whole strain range, the stress value of
PCG-sio2 is slightly higher than that of PCG, especially when the strain reaches more than 60%, the
stress rise of PCG-sio2 is more significant, and the maximum stress is close to 13000 kPa. This
indicates that the introduction of SiO2 nanoparticles significantly improves the compression
resistance of hydrogels. This is because SiO2 particles enhance the structural strength of the
hydrogel, making it more stable during the compression process. It can be shown in FIG. 5(f) that
in the lower strain range (about 0-150%), the stress of PCG increases linearly with the increase of
strain, showing a typical elastic behavior. However, after reaching a certain strain, PCG quickly
loses strength and breaks. This indicates that PCG has limited ductility and is prone to fracture when
the tensile strain is large. However, the mechanical characteristics of PCG-SiO2 samples are
significantly improved after the introduction of different contents of SiO2 particles. Specifically, the
stress-strain curves of PCG-sio2 (1) and PCG-sio2 (2) have higher fracture strain than those of PCG,
indicating that the introduction of a little quantity of SiO2 is helpful to increase the ductility and
strength of hydrogels. PCG-SiO2(3) shows the highest fracture strain and fracture stress, with a
maximum strain of about 300% and a maximum stress of nearly 2000 kPa. This indicates that the
higher content of SiO2 makes the hydrogel have stronger fracture resistance during the stretching
process, indicating that its enhancement effect is significant.
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Fig. 5. (a) (b) Schematic diagram of compression test; (c) (d) Schematic diagram of tensile test; (e)

Compression curve, (f) Tensile curve.

3.4 Adsorption performance analysis

3.4.1. Influence of initial concentration of methylene blue

As shown in Figure 6, the absorption peaks of all spectra are located at about 650 nm, which
is the characteristic absorption peak of methylene blue, indicating that hydrogel has adsorption effect
on methylene blue. With the increase of sample number from 1 to 5, the absorbance gradually
decreased, indicating that the adsorption capacity of hydrogel to methylene blue gradually decreased,
and the intensity of absorption peak was related to the concentration of methylene blue dye[47-48].
A higher absorbance means that the dye concentration is higher, indicating that the corresponding
sample has more dye residue. Figure (a) to Figure (d) shows that the overall absorbance increases
with the increase of the initial dye concentration, which indicates that the residual dye concentration
after hydrogel adsorption is higher when the initial dye volume is larger, indicating that the
adsorption effect is affected by the amount of dye. With the increase of the initial dye concentration
(from 5 ml to 20 ml), the adsorption capacity of the hydrogel is gradually weakened, which may be
because the adsorption site of the hydrogel is limited, and the dye amount is increased, and it is not
completely adsorbed. The absorbance values marked in the figure (0.18, 1.51, 2.82, 3.02) reflect the
concentration of residual dyes at different volumes. From these values, it is obvious that with the
increase of initial dye volume, the absorbance increases, and the adsorption efficiency of hydrogel
decreases.
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Fig. 6. UV-visible spectra of supernatants after adsorption of methylene blue wastewater dye

at different concentrations.

3.4.2. The effect of temperature

As shown in Figure 7, with the increase of temperature, the absorbance gradually decreased,
indicating that PCG hydrogel enhanced the methylene blue adsorption effect under high temperature
conditions. Specific analysis of FIG. 8(a) to FIG. 8(d): At 20°C, the higher absorbance reached 2.38,
indicating that the residual dye concentration was higher at this temperature; At 35°C, the
absorbance decreased to 1.62, indicating that the adsorption effect was improved. When the
temperature is elevated to 50°C, the absorbance is further reduced to 0.87, and the adsorption effect
is obviously enhanced. At 65°C, the absorbance is 0.94, which is close to 50°C, and the adsorption
effect also reaches a higher level, but it is slightly reduced compared with 50°C. As the temperature
rises, the kinetic energy of the molecules escalates, which may help the methylene blue molecules
to disperse more quickly into the inside of the hydrogel, improving the adsorption efficiency.
However, the adsorption effect of 65°C is similar to that of 50°C, indicating that under high
temperature conditions, the adsorption capacity of hydrogel may tend to be saturated or the
adsorption kinetics may change due to high temperature, thus slightly reducing the adsorption effect.
Therefore, PCG hydrogels exhibit better adsorption capacity at appropriate high temperatures
(50°C).
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Fig. 7. UV-visible spectra of supernatant after adsorption of dye from wastewater at different temperatures.

3.4.3. Influence of PH

As shown in Figure 8, under the condition of pH= 4, the absorbance is 2.66, indicating that
the adsorption effect is relatively poor under this pH condition, and the dye residue concentration is
high. Under the condition of pH= 6, the absorbance is 2.35, which is lower than pH 4, and the
adsorption effect is improved. Under the condition of pH= 7, the absorbance is 2.11, and the
adsorption effect continues to improve. Under the condition of pH= 8, the absorbance increases to
2.85, which shows that the adsorption effect of pH 8 is not increase compared with pH 6 and pH 7.
Between pH= 4 and pH= 7, the adsorption effect gradually becomes better. This is owing to the
effect of pH on the surface charge of the hydrogel and the ionic state of methylene blue molecules.
In a neutral or weakly alkaline environment, methylene blue is more likely to bind to the exterior of
the hydrogel, enhancing the adsorption efficacy. The increase in absorbance at pH= 8 May be owing
to changes in the structure or surface charge of the hydrogel under strong alkaline conditions, which
affect the effectiveness of the adsorption site, leading to a reduction in the adsorption efficacy.
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Fig. 8. UV-visible spectra of supernatant after adsorption of dye in wastewater at different PH.

3.4.4. Influence of adsorbent

As shown in Figure 9(a), the lowest absorbance is 0.08, indicating that the chitosan-based
hydrogel has a good adsorption effect on methylene blue. The CS gradients in hydrogels were
different, but the absorbance of aqueous solution changed little after adsorption, indicating that
chitosan-based hydrogels showed stability in terms of adsorption properties, which was related to
the interaction of amino groups of chitosan and molecules of methylene blue. The absorbance shown
in Figure 10(b) is relatively high, reaching a maximum of more than 3.0, but with the increase of the
proportion of graphene oxide, the lowest absorbance also reached 0.26, and the adsorption efficacy
of the hydrogel was significantly enhanced. Because GO has a extensive specific surface area and
plentiful oxygen functional groups, it is helpful to adsorb methylene blue molecules, but its
adsorption performance is still not as significant as that of chitosan-based hydrogels. Therefore, in
the case of CS as the main adsorbent, increasing the proportion of GO at the same time can further
improve the adsorption capacity.
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Fig. 9. UV-visible spectra of supernatants from hydrogels with different CS and GO contents after

adsorption of wastewater dye.

3.5. Adsorption Kinetics analysis

3.5.1. Adsorption performance under 50°C conditions

The fitting results of the PCG hydrogel pseudo-first-order kinetic model are displayed in
FIG. 10(a), whose R2 is 0.9259, indicating a high degree of fitting and a week adsorption content of
50mg/g, showing in Table 1. According to this linear regression results, the pseudo-first-order
dynamic framework can partially clarify the adsorption process, and the fitting shows the initial
adsorption stage is predominantly governed by the physical interaction, and the adsorption rate is
faster in an early period and then gradually becomes stable, but the pseudo-first-order dynamic
framework is not the only control mechanism. FIG. 10(b) shows the fitting outcomes of the
framework of pseudo-second-order, whose R2 is 9848.Different in the framework of pseudo-first-
order, the framework of pseudo-second-order shows a better linear correlation, demonstrating that
the model more accurately characterises the adsorption mechanism of methylene blue by PCG
hydrogel. the framework of pseudo-second-order fits well, indicating that adsorption process is
predominantly governed by chemisorption, involving the formation of chemical bonds and electron
exchange, and its saturation adsorption performance is up to 259mg/g, which is more than five times
that of the pseudo-first-order saturation adsorption.

Table S1. Kinetic parameters of MB adsorption by the PCG hydrogel at 50°C.

Kinetic model Parameters Value
pseudo-first-order kinetics k1 (L mg-1) -6.16*10-4
gel (mg- g-1) 50
R2 0.9259
pseudo-second-order kinetics k2 (L- mg-1) 0.0079
ge2 (mg- gl) 259
R2 0.9848
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3.5.2. Adsorption performance under PH=7 conditions

FIG. 11(b) From the linear regression results, the framework of pseudo-second-order can
partially clarify the adsorption process, and the initial adsorption stage is controlled by chemical
interaction, but this may not be the only mechanism controlling the entire adsorption process. Its R2
is 0.9276, and the saturation adsorption energy is 65mg/g, as shown in Table 2. Figure 11(a) shows
the fitting results of the pseudo-first-order kinetic model, whose R2 is 0.9779, indicating that the
pseudo-first-order model exhibits stronger linear correlation, and its saturation adsorption
performance is up to 267mg/g, as shown in Table 2, which further proves that it is more consistent
with the pseudo-first-order framework. This framework better clarify the adsorption process of
methylene blue by PCG hydrogel. The high linearity indicates that the adsorption process is
predominantly governed by physical adsorption., possibly because the network structure of PCG
hydrogels is destroyed in the over acid or alkaline environment.

Table S2. Kinetic parameters of MB adsorption by the PCG hydrogel at PH=7.

Kinetic model

Parameters

Value

pseudo-first-order kinetics

pseudo-second-order kinetics

k1 (L- mg-1)

gel (mg-g-1)
R2

k2 (L mg-1)

qe2 (mg- gl)
R2

-4.0*10-4
267
0.9779
0.0043
65
0.9276

y=1.356-6.16*10""

lg(qe-qt)(mg/g)
o ©
=S [=2)

e
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Fig. 10. At 50°C; (a) first-order adsorption kinetics, (b) second-order adsorption kinetics; (c) Langmuir
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3.6. Isothermal model analysis

3.6.1. Isothermal adsorption at 50°C

Figure 10(c) shows the fitting of the Langmuir isotherm model, which assumes that
adsorption transpires on a homogeneous surface where each adsorption site possesses similar
adsorption energy. From the optimal outcomes in Table 3, it can be seen that the R*is 0.9469, the
saturation adsorption concentration reaches 491 mg/g, the Langmuir model can accurately elucidate
the adsorption characteristics of PCG hydrogel for methylene blue, indicating that the adsorption
process exhibits monolayer adsorption behavior and there is no significant interplay between
different adsorption sites. Figure 11(d) shows the application of the Freundlich isotherm model, and
Table 3 results show its R2 is 0.9865, higher than the Langmuir model, indicating that the Freundlich
model exhibits better fitting, suggesting that the adsorption of PCG hydrogel is more influenced by
multilayer adsorption and there are adsorption sites with different energies on the surface. This
indicates that the adsorption process is not entirely uniform, with multiple adsorption sites having
different adsorption energies, and the adsorption capacity increases with increasing concentration.

Table S3. Isothermal adsorption model parameters of PCG hydrogel adsorbing MB at 50°C.

Model Parameters Value
Langmuir isotherm KL (L- mg-1) 2.9273
gm (mg- g-1) 491
R2 0.9469
Freundlich isotherm KF (L- mg-1) 47
n 0.35
R2 0.9865

3.6.2. Isothermal adsorption at PH=8

The Langmuir isotherm model, which asserts that adsorption occurs on a uniform surface
and that each adsorption site has the same adsorption energy, fits data as shown in Figure 10(c).
According to the fitting results in Table 3, its R2 is 0.9469, and the saturation adsorption
concentration reaches 491 mg/g. Langmuir model can describe the adsorption behavior of PCG
hydrogel on methylene blue, indicating that the adsorption process has a single molecular layer
adsorption behavior, and there is no obvious interaction between adsorption sites. Figure 10(d)
shows the application of the Freundlich isotherm model. The results in Table 3 show that the R2 of
the Freundlich model is 0.9865, which is higher than the Langmuir model. Therefore, the Freundlich
model shows a better fitting degree, indicating that the adsorption of PCG hydrogel is more affected
by multi-layer adsorption. There are different energy adsorption sites on the surface. This indicates
that the adsorption process is not completely uniform, there may be multiple adsorption sites with
different adsorption energies, and the adsorption capacity escalates with rising concentration.
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Table S4. Isothermal adsorption model parameters of PCG hydrogel adsorbing MB at PH=7.

Model Parameters Value
Langmuir isotherm KL (L- mg-1) 2.9597
gm (mg- g-1) 328
R2 0.8899
Freundlich isotherm KF (L- mg-1) 56
n 0.68
R2 0.9205
1.0 10
(a) (b) | .
9
08 y=1.035-4.05*10"% ) ¥=0.0043x-0.9147
c = 74
206 2]
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Fig. 11. Shows the first-order adsorption kinetics (a), second-order adsorption kinetics (b), Langmuir
isothermal adsorption model (c) and Freundlich isothermal adsorption model (d) at PH=7.

3.7. Adsorption mechanism analysis

PCG hydrogel has both physical adsorption process, and chemical adsorption process in the
process of the blue adsorption of methylene, and the combination of the two makes the adsorption
performance of PCG hydrogel reach the maximum. Physical adsorption: The porous structure in the
composite hydrogel provides a substantial quantity of adsorption sites, facilitating the diffusion and
storage of dye molecules within the material. The dimensions and configuration of the pores are
very favorable for the diffusion of methylene blue, which can increase the duration of residence the
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molecules inside the hydrogel, thereby increasing the adsorption efficiency. Chemical adsorption:
The surface functional groups, including hydroxyl and carboxyl groups of nanoscale graphene oxide
can be bonded to methylene blue molecules through hydrogen bonding or electrostatic interactions.
The negative charge present on the surface of graphene oxide forms electrostatic adsorption with a
cationic dye, methylene blue In addition, the T1-1T involving between the aromatic structure of GO
and the fragrant ring of methylene blue also helps to further fix the dye molecules. The addition of
nano-hydrophilic silica may further enhance the mechanical properties and adsorption properties of
hydrogels. The high specific surface area of silica helps to provide more adsorption sites, while its
hydrophilicity facilitates the expansion of hydrogels in the aqueous phase and the diffusion of dye
molecules.

As shown in Figure 12, Figure a and Figure e are the full spectrum of PCG hydrogel before
and after adsorption. By comparison, the hydrogel figure a before adsorption shows the peaks of
Cls, O 1s and Si 2p, and the sources of these elements are polyvinyl alcohol, chitosan, graphene
oxide and nano-silica. After adsorption (Figure e), the elements shown in the full spectrum did not
change much, and were still dominated by Cls, O 1s and Si 2p, but some subtle changes could be
seen, such as the intensity of the absorption peak was different, indicating that some changes had
occurred in the chemical environment during the adsorption process. In Figure b, the Cls peak is
decomposed into three sub-peaks, corresponding to C-C (carbon-carbon bond), C-O (carbon-oxygen
bond) and C=0 (carbon-oxygen double bond), respectively. After adsorption of methylene blue, the
peak intensity and relative proportion of Cls in Figure f change, and the peak of C=0 is relatively
enhanced, indicating that some oxidation or chemical binding changes occur during the adsorption
process. This is associated with the molecular structure of methylene blue. In Figure c, the O-1s
peak mainly corresponds to the C-O bond, which is mainly derived from the hydroxyl group in
polyvinyl alcohol and chitosan; The shape and relative intensity of Ols peak in Figure g changed
after adsorption of methylene blue, indicating that the oxygen environment in oxides and organic
compounds had changed to some extent. These changes reflect the interaction of thioblue bonds in
methylene blue molecules with hydroxyl groups or other functional groups in the hydrogel. The Si2p
peak in corresponds to the Si-O bond and is derived from hydrophilic nanosilica. After adsorption
of methylene blue (FIG. h), the intensity and peak position of Si 2p peak did not change significantly,
indicating that the chemical environment of silicon element remained relatively stable, indicating
that there was no obvious chemical reaction between nano silica and methylene blue directly. After
adsorption of methylene blue, the peak intensity and relative ratio of Cls and Ols changed
significantly, indicating that the adsorption of methylene blue mainly affected the chemical
environment of carbon and oxygen elements in the hydrogel, especially the change of hydroxyl
group and carbon-oxygen double bond. The Si2p peak remained basically unchanged, indicating
that the role of nano silica as an inorganic enhancement phase is more physical adsorption than
chemical reaction with dye molecules.
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4. Conclusion

This paper examines a composite hydrogel consisting of polyvinyl alcohol, chitosan,
hydrophilic silica and graphene oxide with high mechanical properties, porous structure and
excellent adsorption properties was prepared by physical crosslinking of freeze-thawing method,
which can effectively adsorb methylene blue in dye wastewater. The addition of chitosan to the PVA
skeleton can enhance the adsorption efficacy of PVA hydrogels, but also increase the stability of
chitosan hydrogels. On this basis, the introduction of hydrophilic nano-silica and graphene oxide
can significantly enhance the mechanical integrity of PPG three-dimensional network structure
composite hydrogels. The tensile strength, compressive strength and tensile length properties of the
composite hydrogel have been markedly enhanced. Tensile and compression tests show that the
maximum tensile strength of the composite hydrogel is 2000kPa, the maximum tensile displacement
exceeds 300% of the initial form, and the maximum compressive strength is up to 13000kPa, which
proves its excellent mechanical properties. The effects of initial solution concentration, temperature,
PH, GO content (i.e., adsorbent concentration) and chitosan content on the adsorption properties
were also discussed. The study showed that the optimal adsorption temperature was 50°C, the ideal
adsorption pH was 7.0, and the optimal adsorbent concentration was 5%. Adsorption kinetics model
was employed to model the adsorption rate of the hydrogel, and it was concluded that the fitting was
more consistent with the physical adsorption process at 50°C, and more consistent with
chemisorption at pH=7.0. At the same time, the isothermal adsorption model is used to explore not
only the single-layer adsorption and multi-layer adsorption of hydrogels, but also the
physicochemical adsorption. The composite processing of 3D network structure composite
hydrogels or even multi-dimensional network structure composite hydrogels will become a new
strategy to improve conventional hydrogels, which is practical, cheap and environmentally friendly,
and has broad prospects in industrial applications.
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