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Abstract
When used to treat printing and dyeing effluents, the existing hydrogels have the fol-
lowing problems: limited mechanical strength, slow adsorption rate, and poor reus-
ability. Therefore, a simple one-pot method was used to prepare poly (acrylic acid-
2-acrylamide-2-methyl-1-propanesulfonic acid)-g-sodium alginate/graphene oxide 
(P(AA-AMPS)/SA-GO) composite hydrogel, which was analyzed by Fourier trans-
form infrared, scanning electron microscope, confocal laser scanning microscope 
and Brunauer–Emmet–Teller method. The mechanical properties, swelling ratios 
and adsorption performance of the composite hydrogel were determined in detail. 
The results show that the composite hydrogel has a porous structure and excellent 
mechanical properties. The maximum elongation at break and tensile strength can 
reach 803% and 104.8 kPa, respectively. When the GO content is 1.2%, the swell-
ing ratio and methylene blue (MB) adsorption capacity are the highest, 54.9 g/g and 
486.5  mg/g, respectively. The external conditions have a significant effect on the 
adsorption performance of the hydrogel. When the adsorption conditions are as fol-
lows: the adsorption temperature is 25 ℃, the amount of hydrogel is 0.1 g, the pH 
is 8, and the initial concentration of MB is 500 mg/L, the highest removal efficiency 
of MB is 98.1% in 90  min. Coexisting ions can inhibit the removal of MB. The 
adsorption model fitting and kinetic analyses show that P(AA-AMPS)/SA-GO fol-
lows the Langmuir adsorption model and belongs to single-layer adsorption. The 
adsorption kinetic model study shows that the gel fits the quasi-second-order kinetic 
model, with chemical adsorption as the primary and physical adsorption as the aux-
iliary. The P(AA-AMPS)/SA-GO hydrogel has a remarkable adsorption effect on 
methylene blue wastewater and can be used as an efficient adsorbent for wastewater 
treatment.
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Introduction

With the rapid development of the modern printing and dyeing industry, the 
water pollution caused by the discharge of dye wastewater is becoming increas-
ingly severe [1]. Dye wastewater has the characteristics of complex composition, 
high organic concentration and chroma, and difficult biodegradation [2, 3]. How 
to treat printing and dyeing wastewater has become a focus of attention. Many 
methods exist to solve this problem, such as adsorption, biodegradation, photo-
catalysis, ion exchange, and membrane filtration [4]. Among them, the adsorp-
tion method has the characteristics of low cost, high efficiency, simple operation, 
etc., which attracts more and more researchers’ attention [5]. The current research 
focuses on developing highly efficient and easily renewable adsorption materials 
for treating printing and dyeing wastewater.

It is well known that adsorbent selection plays a vital role in adsorption. In 
recent years, hydrogel, functional material with hydrophilic groups and strong 
adsorption capacity, has shown great potential in water treatment [6]. Hydrogel is 
a high molecular polymer that can absorb much water without being dissolved in 
water. There are many active functional groups on the three-dimensional network 
structure of the polymer backbone. Due to the advantages of a wide source of 
raw materials, low cost, good biocompatibility, and excellent dye binding abil-
ity, many researchers have used natural polysaccharide polymers such as sodium 
alginate (SA), sodium carboxymethyl cellulose, and starch in the development of 
hydrogels [7]. However, traditional hydrogels are limited by their material and 
structural characteristics, with slow adsorption rate, lack of strong adsorption 
capacity, chemical and thermal stability, mechanical strength, and high recycling 
rate, which leads to their inability to be widely used in actual water treatment [8]. 
Thus, preparing a hydrogel with a rapid adsorption rate, strong adsorption perfor-
mance, and high mechanical strength is significant for its practical application.

As a biodegradable natural sodium salt, SA has the characteristics of a sustain-
able biomaterial matrix. The hydrogel’s adsorption performance can be enhanced 
by the synergistic effects between the carboxyl functional groups widely distrib-
uted on the molecular backbone of SA and the active functional groups on the 
polymer molecular chains [9]. Graphene oxide (GO) is a high specific surface 
area nanomaterial rich in hydroxyl, carboxyl, epoxy, and other oxygen-containing 
functional groups. It performs excellently in wastewater treatment and purifica-
tion and is a highly efficient adsorption material [10]. Due to the excellent disper-
sion and nano-size characteristics of GO in water, it is not easy to separate from 
pollutants after adsorption. In practical applications, GO is often separated and 
reused by chemical modification or by composites with other materials. The oxy-
gen-containing functional groups on the GO surface can form an excellent inter-
facial interaction with the hydrogel through chemical or hydrogen bonding. It is 
helpful to design a highly adsorbable hydrogel with effectively improved mechan-
ical properties and adsorption characteristics. In addition, introducing a porous 
structure through the hydrogel is conducive to the entry and exit of dye molecules 
and can also enhance the response of the hydrogel to external stimuli. Therefore, 
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this hydrogel with robust mechanical properties, high adsorption performance, 
and a fast response rate has a good application prospect as an adsorption material.

Based on the above strategy, we prepared a high-performance hydrogel using a 
simple one-pot method in this work. The introduction of GO into the hydrogel matrix 
can not only enhance the toughness of the hydrogel but also significantly enhance its 
mechanical properties. In the polymerization process, bubbles were introduced into 
the hydrogel precursor by stirring foaming, the surfactant sodium dodecyl sulfate was 
added to stabilize the bubbles, and SA was introduced to regulate the rheological prop-
erties to promote stability. The structure and properties of hydrogels were thoroughly 
tested, and the adsorption thermodynamics, kinetics, and mechanism of the hydrogels 
were analyzed. The novel hydrogel we designed can be used as an effective adsorbent 
for treating of printing and dyeing wastewater.

Materials and methods

Materials

Acrylic acid (AA, 99%), 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS, 
98%), sodium alginate (SA, chemically pure), N, N-methylenebisacrylamide (NMBA, 
99%), ammonium persulfate (APS, 98%), sodium dodecyl sulfate (SDS, 98%), sodium 
hydroxide (96%), graphene oxide (GO, 99%), sodium chloride (99%), potassium 
chloride (99%), calcium chloride (98%), aluminum chloride (99%), methylene blue 
(MB, 98%), and hydrochloric acid (36.5%) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd, China. Deionized water, tap water, lake water (Qingfeng Lake, 
Dongying, China), and river water (Guangli River, Dongying, China) were used for the 
experiments.

Preparation of graphene oxide/sodium alginate composite hydrogel

Take one of the polymerization reactions as an example: 21.60 g AA was neutralized 
with 40% NaOH solution (9.60 g NaOH dissolved in 14.40 ml distilled water) under an 
ice-water bath. Then, 4.32 g AMPS, 0.1728 g GO, 0.25 g APS, 0.04 g NMBA, 0.20 g 
SDS, and the dissolved SA solution (2.00 g SA dissolved in 100 ml distilled water) 
were added to the above solution. The mixture was ultrasonically dispersed for 30 min 
at room temperature. The whole system was then kept at 65 ℃ for 4 h. After the hydro-
gel formed, the product was washed several times with deionized water. The prepared 
composite hydrogel was dried in a vacuum oven at 75 ℃. Finally, the product was 
obtained after crushing and milling through a 30–50 mesh screen. The polymerization 
mechanism for the preparation of composite hydrogels is shown in Fig. 1.
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Determination of hydrogel properties

Swelling property

The hydrogel samples were immersed in sufficient solution to reach swelling equi-
librium at room temperature. The swollen samples were then separated from the 
unabsorbed water using 100 sieve targets. The swelling ratio of the hydrogel is cal-
culated as follows (Eq. (1)) [11]:

where, M1 is the mass of the dry hydrogel, and M2 is the mass of the hydrogel after 
water absorption.

Adsorption property

100 mg of dried hydrogel sample was added to the 100 mL MB solution, and then 
the above system was oscillated and adsorbed for 90 min. The effects of GO dosage, 
initial MB concentration, pH, temperature, co-existing ions, and water quality on 
adsorption capacity were extensively investigated. The concentration of MB in the 
adsorbed solution was determined by the standard spectrophotometric method. To 
ensure the accuracy of data processing, all the adsorption tests were performed at 
least three times. The removal efficiency (R, %) (Eq. (2)) and the adsorption capacity 
(Q, mg/g) (Eq. (3)) were calculated using the following formula [12]:

(1)SR = (M2 −M1)∕M1

Fig. 1  Preparation mechanism of the composite hydrogel
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where C0 and Ce are the initial and equilibrium MB concentration, mg/L; m is the 
mass of the dried hydrogel, g; V is the volume of the MB solution, L.

Mechanical property

The tensile properties of the hydrogel were tested using a CMT4102 universal test-
ing machine at room temperature. The sample used for the tensile test is 5 mm in 
diameter, 30 mm in length, and a tensile rate of 50 mm/min. To ensure the same 
water content of hydrogels tested for mechanical properties, the hydrogels should 
be dried before swelling. After dialysis and freeze-drying, the hydrogels should be 
properly swollen in distilled water to control the water content of the hydrogels at 
about 10%.

Reusability property

The composite hydrogels after adsorption were collected and dried at 75 ℃, and 
then desorbed and regenerated 8 times with 0.2 mol/L HCl solution [13].

Structural characterization

The analysis of structural characteristics was carried out by NICOLETIN10 spec-
trometer (Thermo Fisher Scientific, USA), FEI QUANTA FEG450 scanning elec-
tron microscope (Fei Company, USA), OLS5000-SFA (Olympus, Japan) confo-
cal laser scanning microscope, and nitrogen adsorption instrument, AutoSorbiQ2 
(Quantachrome, USA). NMR spectra were recorded on a Bruker AVIII spectrometer 
(Germany, 13C frequency of 125.13 MHz).

Results and discussion

Characterization and BET analysis

It is well known that the porous structure is favorable for the adsorption of dyes by 
hydrogels. It can be seen from Fig. 2a and b that P(AA-AMPS)/SA-GO shows a promi-
nent three-dimensional network structure, a typical honeycomb structure with intercon-
nected pores. The highest altitude of the hydrogel is 570 μm in the map of the alti-
tude distribution over an area of about 800 μm × 600 μm. Furthermore,  N2 adsorption 
is performed on the composite hydrogel to evaluate the porosity. As shown in Fig. 2c 
and f, the composite hydrogels exhibit a reversible type IV isotherm and H3 hysteresis 

(2)R(% ) =
C0 − Ce

C0

× 100

(3)Q =
C0 − Ce

m
× V
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loop, one of the mesoporous materials’ main characteristics. The  N2 adsorption capac-
ity of P(AA-AMPS)/SA-GO with SDS is higher than that of the hydrogel without SDS. 
The BET surface area and the pore size of P(AA-AMPS)/SA-GO with SDS are 160.3 
 m2·g−1 and 9.2 nm, respectively. The composite hydrogel contains many mesoporous 
pores, and the peak pore size is about 10 nm. Strictly speaking, the BET evaluation 
of mesoporous samples has certain limitations. Therefore, Rouquerol transformation 
is performed on the adsorption data. As shown in Fig.  2d, the maximum allowable 
relative pressure is 0.36 for hydrogel with SDS and 0.27 for hydrogel without SDS. 
The BET equation is used for the linear fitting of Rouquerol plots, and the results are 
shown in Fig. 2e. The data points after Rouquerol transformation increase monotoni-
cally with the increase in p/p0, indicating that the adsorption process conforms to the 
BET model. Moreover, the BET constants [Vm (the amount of monolayer gas adsorbed 
per unit mass of sample) and C (the constant associated with the heat of adsorption)] 
are obtained based on the linear fitting equation (Table 1). The above analysis shows 
that the composite hydrogel has abundant pore structure and high specific surface area, 
which undoubtedly promotes its adsorption performance. 

The FTIR spectra of GO, SA, and P(AA-AMPS)/SA-GO are displayed in Fig. 2g. 
In the curve of GO, the peak at 3247  cm−1 is the stretching vibration peak of –OH, the 
band at 1589  cm−1 is the stretching vibration peak of C=C, the peak near 1411  cm−1 
belongs to the bending vibration peak of –OH, and 1023  cm−1 is the stretching vibra-
tion absorption peak of C–O of the epoxy group. These peaks prove that the GO sur-
face contains functional groups such as epoxy and hydroxyl. The peaks at 3386 and 
1620  cm−1 in the spectrum of SA are attributed to the stretching vibration of –OH and 
–C=O, respectively [14]. The peaks of unsaturated C-H disappear after polymerization, 
and the absorption peaks corresponding to GO and SA can almost be found in the prod-
uct spectra, indicating that P(AA-AMPS)/SA-GO is prepared successfully. Figure 2h 
shows the solid state 13C NMR spectrum of the hydrogel. The 13C NMR spectrum is 
obviously divided into three parts. Broad 13C resonances between 50 and 110 ppm are 
mainly assigned to the carbons of SA. Resonances at 40.4 and 45.9 ppm are assigned 
to the carbons of –CH2–CH– in the polymer chains. Resonances around 184.9 ppm are 
attributed to the carbons of –COOH(Na), –CONH groups inside the hydrogel. In addi-
tion, the resonance of –C=C– cannot be observed in the spectrum, indicating that AA 
and AMPS are successfully grafted onto SA.

Effect of GO dosage on mechanics, water absorption, and adsorption properties 
of hydrogels

Tensile stress–strain curves of P(AA-AMPS)/SA-GO composite hydrogels with 
different GO contents are shown in Fig. 3a. As the GO content increases, the ten-
sile strength and elongation at the break of the composite hydrogel also increase. 

Fig. 2  a 3D microscopic topography of P(AA-AMPS)/SA-GO b SEM image of P(AA-AMPS)/SA-GO c 
nitrogen adsorption–desorption isotherm curves d Rouquerol transformation diagram of adsorption data 
e linear fitting diagram of adsorption data after BET transformation f pore width distributions of the 
hydrogel g FTIR spectra of samples h 13C-NMR spectrum of P(AA-AMPS)/SA-GO as obtained by solid-
state NMR

▸
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The addition of GO increases the number of hydrogen bonds in the crosslinked 
network of the composite hydrogel, leading to an increase in the degree of net-
work cross-linking of P(AA-AMPS)/SA-GO. The enhanced physical crosslinking 
increases the tensile strength of the composite hydrogel and also increases the 
flexibility of the macromolecular chain so that the composite hydrogel eventually 
breaks with a significant elongation at break. This shows that the tensile strength, 
elongation at break, and mechanical properties of the P(AA-AMPS)/SA-GO 
composite hydrogel are significantly improved by the addition of GO. However, 
when the GO content is higher than 0.8%, the strain of the composite hydrogel 
decreases significantly, and the tensile strength increases significantly. This is 
because the increase in GO makes the total amount of crosslinking agents in the 
hybrid system more extensive, which increases the crosslinking density between 
polymer segments and restricts the movement of polymer segments. At this point, 

Table 1  BET constants based on Rouquerol plots

C Vm  (cm3·g−1) Scal  (m2·g−1) Sexp  (m2·g−1)

Hydrogel with SDS 54.7 29.0 126.3 160.3
Hydrogel without SDS 120.5 17.9 77.7 125.8
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Fig. 3  a Tensile stress–strain curves of hydrogels b photograph of the mechanical properties of hydrogel 
c effect of GO dosage on swelling property d effect of GO dosage on MB adsorption
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GO has a greater reinforcing strengthening effect on the crosslinking density, so 
the tensile strength of the hydrogel increases at a similar strain. However, if the 
crosslinking density is too high, the polymer chain segment of the hydrogel will 
be easily damaged and unable to recover its original shape after being subjected 
to a larger external force, thus reducing the elongation at break of the hydrogel. 
When the GO content is 0.8% and 2.0%, respectively, the maximum elongation 
at break and tensile strength can reach 803% and 104.8 kPa, respectively. It can 
be seen from Fig. 3b that the composite hydrogel can be significantly elongated 
under tension. After removing the external force, the composite hydrogel can 
essentially recover to its original length with no apparent damage. When the com-
posite hydrogel is compressed by pressure, it can produce some deformation, but 
there is no noticeable damage. The above experimental phenomenon shows that 
P(AA-AMPS)/SA-GO composite hydrogel has good elastic deformation, mechan-
ical strength, and self-recovery characteristics.

The influence of GO dosage on the swelling and adsorption properties of P (AA-
AMPS)/SA-GO is shown in Fig. 3c and d. As the GO dosage increases, the swell-
ing ratio and the adsorption capacity first increase and then decrease. When the GO 
dosage is 1.2%, the swelling ratio and MB adsorption are the highest, 54.9 g/g and 
486.5 mg/g, respectively. This is because the hydrophilic oxygen-containing active 
groups on the GO surface can combine with the –COOH, –OH groups on the poly-
mer chains to form a more stable network structure, thus increasing the specific sur-
face area of the gel network, enabling it to absorb more water and MB molecules 
(The surface areas of hydrogels with GO dosages of 0, 0.4, 0.8, 1.2, 1.6, 2.0% are 
97.3, 123.6, 136.8, 160.3, 153.6, 130.5  m2/g, respectively.). The non-crosslinked 
hydrophilic groups in GO can bind with the water and MB molecules, increasing the 
adsorption capacity of the hydrogel. As the concentration of GO is further increased, 
the internal crosslinking density of the hydrogel increases, reducing the adsorption 
network space and its adsorption capacity. Considering its adsorption performance 
and mechanical strength, we choose the optimal dosage of GO as 1.2%.

Swelling property of P(AA‑AMPS)/SA‑GO

The swelling property of gel materials is an essential factor in the adsorption pro-
cess. Figure  4 describes the influence of different water sources and pH values 
on the swelling characteristics of the composite hydrogel. It can be seen that the 
swelling ratio in distilled water is higher than that in other waters. This phenome-
non may be because the co-existing ions will reduce the osmotic pressure between 
the external environment and the hydrogel, resulting in a gradual decrease in 
water absorption. It is also found that pH significantly affects the swelling ratio of 
the hydrogel. As the pH increases, the swelling ratios increase and then decrease. 
At a pH of 8, the maximum water absorption rate is 54 g/g. This is because the 
protonation of carboxyl and sulfonic groups in an acid solution and the charge 
shielding effect in alkaline conditions weakens the electrostatic repulsion in the 
gel, resulting in the gel’s inability to stretch and swell fully [15].
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Adsorption performance of P(AA‑AMPS)/SA‑GO

Influence of external factors on adsorption properties of hydrogel

To measure the practical application performance of the hydrogel, we comprehen-
sively investigate the influence of the water environment on the adsorption perfor-
mance, and the results are shown in Fig. 5.

The effect of the amount of hydrogel on the adsorption performance was inves-
tigated at the initial MB mass concentration of 500  mg/L. As shown in Fig.  5a, 
the adsorption capacity gradually decreases, and the MB removal rate gradually 
increases with increasing the amount of hydrogel. When the amount of hydrogel 
increases, the adsorption sites provided by the excess hydrogel have reached satu-
ration in the solution, and the adsorption process reaches equilibrium. The excess 
hydrogel does not participate in the adsorption process of MB. When the hydrogel 
dosage is 0.01 g, the adsorption capacity is the highest, up to 680 mg/g; when the 
hydrogel is 0.1 g, the dye removal rate is 97.2%, and the adsorption is complete.

The effect of the initial mass concentration of MB on the adsorption perfor-
mance at room temperature was investigated, and the results are shown in Fig. 5b. 
It can be seen that as the MB concentration increases, the adsorption capacity first 
increases and then reaches adsorption equilibrium. This is because, with the rise 
in the MB concentration, the contact opportunities between MB and the hydrogel 
surface increase significantly. The active adsorption sites are utilized, which favors 
the adsorption process. When the adsorption sites are fully occupied, the adsorp-
tion reaches equilibrium, and the adsorption capacity does not increase after that. 
The maximum adsorption capacity reaches 689.9 mg/g at the MB concentration of 
1300 mg/g.

The pH of the solution affects the structure of dye molecules and the charge 
characteristics of the adsorbent surface. It can be seen from Fig.  5c that as the 
pH increases from 2 to 5, the adsorption capacity for MB increases rapidly from 
89.8 to 365.9 mg/g. When the pH exceeds 5, the amount of MB adsorbed on the 
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hydrogel remains at a high level, and the highest adsorption capacity occurs at 
pH = 8, 490.5 mg/g. At low pH, the carboxyl, sulfonic, and hydroxyl groups on the 
hydrogel are easily protonated by the excess  H+. These groups repel each other with 
the MB cation. In addition, hydrogen bonds are easily formed between the groups in 
the hydrogel, leading to network contraction and hindering the diffusion of MB mol-
ecules. As the pH increases, the degree of protonation decreases. The electrostatic 
attraction between the MB cation and negatively charged groups increases, and the 
adsorption capacity gradually increases [16].

Figure 5d shows the influence of adsorption time and temperature on the adsorp-
tion performance of the hydrogel. It can be seen that the hydrogel can reach the 
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adsorption equilibrium within 60 min. Such rapid adsorption kinetics is mainly due 
to the porous structure and abundant adsorption sites on the surface of the hydrogel. 
In addition, the higher the temperature is, the shorter the time required for the hydro-
gel to reach the adsorption equilibrium. However, the adsorption amount decreases, 
indicating that the adsorption process is exothermic.

Figure 5e shows the effect of co-existing ions on adsorption capacity. The results 
show that the adsorption capacity of the hydrogel for MB decreases as the ionic 
strength increases. The adsorption of MB is obviously inhibited when the ionic 
strength is high. The increase in ionic strength enhances the interaction force 
between ions and prevents the diffusion of MB from the solution to the surface of 
the hydrogel. The order in which coexisting cations affect the adsorption of MB by 
the hydrogel is  Al3+ >  Ca2+ >  K+. MB is a cationic dye, and coexisting cations have 
competitive adsorption with MB. The above phenomena also reveal that the adsorp-
tion process is controlled by ion exchange.

The dye removal performance of the hydrogel in different water bodies is shown 
in Fig. 5f. Various water bodies have different effects on the dye adsorption proper-
ties of hydrogels. The adsorption capacity of MB in deionized water is higher than 
that in other water bodies, indicating that co-existing ions in different water bodies 
can form competitive adsorption with MB. This also teaches us a lesson: in practice, 
we must clearly understand water quality.

Adsorption isotherms

To determine the type of adsorption isotherm, Langmuir (Eq. (4)) and Freundlich’s 
(Eq. (5)) models are used to fit the data linearly, and the results are shown in Fig. 6 
[17]. At 25 ℃, the fitting correlation coefficients R2 of the Langmuir and Freundlich 
adsorption isotherms of hydrogel on MB are 0.9664 and 0.8363, respectively, indi-
cating that the Langmuir model can better describe the adsorption process of the 
hydrogel. Therefore, the adsorption of MB on the hydrogel is monolayer adsorption, 
and most of the MB molecules are adsorbed on the active sites on the surface of the 
composite hydrogel.
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where ρe is the MB concentration after adsorption, mg/L; Qe is the equilibrium 
adsorption capacity, mg/g; Q0 is the maximum theoretical adsorption capacity, mg/g; 
Kb is the adsorption constant, L/mg; Kf is the adsorption constant,  mg1−n·Ln·g−1; n is 
the adsorption index.

Adsorption kinetics

The adsorption kinetics of MB by hydrogel is shown in Fig.  7. The pseudo-first-
order model (Eq. (6)), pseudo-second-order model (Eq. (7)), and intra-particle diffu-
sion model (Eq. (8) are used to fitting the data [18].

where M is the parameter related to the thickness of the interface layer; ki is the 
diffusion constant, mg/(g·min1/2); Qt is the adsorption capacity of the composite 
hydrogel to MB at time t, mg/g; t is the adsorption time, min; Qe is the equilib-
rium adsorption capacity, mg/g; k1 and k2 are pseudo-first and pseudo-second-order 
adsorption rate constants, respectively.

The whole adsorption process can be divided into two stages. At the initial 
stage, the adsorption rate is fast. After one hour of adsorption, hydrogel’s adsorp-
tion capacity on MB exceeded 90% of the equilibrium adsorption capacity. As the 
time increases, the adsorption rate gradually decreases and reaches equilibrium after 
1.5 h. This may be due to the presence of many active sites on the surface of the 
hydrogel at the initial stage. The ion concentration difference between the liquid and 
solid surfaces is significant, which makes it easy for MB to diffuse quickly to the 
surface of the hydrogel sphere for reaction, so the adsorption rate is fast. With the 
process of adsorption, the active sites on the surface of hydrogel that can bind with 
MB gradually decrease, reducing the adsorption rate until equilibrium is reached.

As can be seen from Fig.  7a and b, the pseudo-second-order kinetic model is 
more suitable for the adsorption process of the hydrogel compared to the pseudo-
first-order kinetic model, indicating that chemisorption exists in the adsorption pro-
cess of MB. Although the pseudo-second-order model fits the experimental data 
well, more is needed to explain the diffusion mechanism. Therefore, the in-particle 
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diffusion model is used to further investigate the control steps of the adsorption rate 
and diffusion mechanism. As shown in Fig. 7c, the adsorption of MB by the com-
posite hydrogel is a multistep adsorption process. In the first stage, the adsorption 
amount of MB is high, due to the rapid diffusion of MB on the surface of the hydro-
gel. In the second stage, the adsorption rate becomes slow, and the adsorption occurs 
in tiny pores. At this stage, the internal diffusion of the particles is a major limiting 
factor. In the third stage, the concentration of MB in the solution and the reactive 
active sites in the hydrogel are very low, and the adsorption is close to equilibrium. 
Since the curve does not pass through the origin, it shows that particle diffusion is 
not the only factor controlling the rate. It can be inferred that particle and membrane 
diffusion occur together in adsorption.

Adsorption thermodynamics

To study the thermodynamic properties of MB adsorption by hydrogel, the free 
energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS) are calcu-
lated, and the calculation formulas were respectively shown in Eqs. (9, 10), respec-
tively [18]. The van’t Hoff curve and thermodynamic parameters are displayed in 
Fig. 8 and Table 2, respectively. ΔG < 0 at different temperatures indicates that the 
adsorption process is spontaneous. ΔH < 0 suggests that the adsorption process is 
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exothermic, and increasing the temperature is not conducive to the adsorption of 
MB. ΔS < 0 means that the confusion of the MB adsorption process decreases. In 
addition, the |ΔH| of the physical adsorption is generally in the range 0 ~ 20 kJ/mol, 
and the |ΔH| of the chemical adsorption is more than 20 kJ/mol. In this experiment, 
the |ΔH| is 75.55 kJ/mol, further confirming that the adsorption behavior of MB is 
mainly chemical adsorption.

where ρe is the MB concentration after adsorption, mg/L; Qe is the equilibrium 
adsorption capacity, mg/g.

Reuse performance

Recyclability is an essential factor in evaluating the performance of adsorbent. 
The adsorbed hydrogel was desorbed in a hydrochloric acid solution, and then the 
adsorption experiment was repeated. The results show that the composite hydrogel 
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Fig. 8  Van’t Hoff curve
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has good regeneration and adsorption properties and can be reused. After eight 
consecutive adsorption–desorption cycles, the adsorption capacity could reach 
419.5  mg/g (Fig.  9). As the number of cycles increased, the adsorption amount 
decreased slightly, possibly due to the incomplete elution of methylene blue 
adsorbed in the last cycle.

Finally, we compare the differences in MB removal between the composite 
hydrogels prepared in this study and those reported in other literature. As displayed 
in Table 3, P(AA-AMPS)/SA-GO shows better MB removal performance, especially 
regarding adsorption rate and reusability. Therefore, P(AA-AMPS)/SA-GO hydrogel 
has broad application prospects in dyeing wastewater treatment.

Conclusion

A kind of adsorption hydrogel P(AA-AMPS)/SA-GO with good mechanical proper-
ties and a fast adsorption rate was prepared by a simple one-pot method. The hydro-
gel was characterized and analyzed by SEM, FT-IR, CLSM, and BET. The results 
showed that the hydrogel was successfully prepared. The mechanical properties of 
the composite hydrogel can be adjusted by changing the amount of GO in the com-
posite hydrogel. The maximum absorption at break and tensile strength can reach 
803% and 104.8 kPa, respectively. The composite hydrogel shows rapid and high-
capacity adsorption of cationic dye MB. In 500 mg/L MB solution, the highest MB 
removal rate is 98.1% in 90 min. The MB removal rate of the composite hydrogel 
was still higher than 80% after eight adsorption–desorption cycles. The composite 
hydrogel with high strength, high dye adsorption capacity, and reusability has good 
application prospects in the treatment of cationic dye wastewater.
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