
Vol.:(0123456789)1 3

Advanced Composites and Hybrid Materials (2023) 6:169 
https://doi.org/10.1007/s42114-023-00731-3

RESEARCH

Graphene/polyacrylamide interpenetrating structure hydrogels 
for wastewater treatment

Xiufang Zhu1,2 · Zelin Wang1 · Jian Ren1 · Najla AlMasoud3 · Zeinhom M. El‑Bahy4 · Taghrid S.Alomar3 · Chun Zhang1 · 
Jun Zhang1 · Juying Zhou5 · Mufang Li1,6 · Dong Wang6 · Ilwoo Seok8 · Xingkui Guo7,9

Received: 3 June 2023 / Revised: 16 August 2023 / Accepted: 22 August 2023 / Published online: 20 September 2023 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract
Developing efficient, cost-effective, and environmentally friendly wastewater treatment technologies is of great significance due 
to the increasingly serious global environmental issue. The direct discharge of wastewater containing a large amount of harmful 
substances from industrial activities and daily life has severe impacts on ecosystems and human health. Therefore, this study aims 
to address this issue by developing a novel graphene/polyacrylamide interpenetrating network hydrogel for wastewater adsorption. 
By interpenetrating graphene and polyacrylamide, the advantages of both materials can be fully utilized to enhance the efficiency 
and performance of hydrogel wastewater adsorption. In addition, tannic acid is innovatively used as a reducing agent, not only con-
necting the dispersed graphene layers but also acting as a reducing agent. The hydrogel was characterized by infrared spectroscopy, 
surface morphology, and adsorption performance in this study. It was found that the thermal decomposition temperature of the 
composite hydrogel was improved with increasing the graphene content. The equilibrium water absorption capacity of the com-
posite hydrogel was approximately 300%, and the adsorption capacity for  NiCl2 was approximately 110.25 mg/g, demonstrating 
promising potential for practical applications. The reaction kinetics also conformed closely to the pseudo-second-order adsorption 
model, indicating an intraparticle diffusion model. This study provides an alternative hydrogel for treating wastewater.
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1 Introduction

Wastewater that is discharged directly into the aquatic 
environment without proper treatment not only causes 
significant pollution but also poses a considerable risk to 

human health [1–3]. Over the past few decades, numerous 
technologies have been employed for wastewater treat-
ment, including adsorption [4–7], oxidation [8], electro-
coagulation [8], chemical precipitation [9], flocculation 
[10], membrane filtration [11–14], electrolysis [15, 16], 
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catalytic degradation [17, 18], and biological degradation 
[19]. However, these technologies have their own limita-
tions, such as prolonged processing time, high expenses, 
complex operation, and susceptibility to environmental 
factors, which impede their practical implementation in 
wastewater treatment. Among these techniques, adsorp-
tion stands out as a highly promising method for removing 
heavy metal ions due to its advantages of affordability, 
effectiveness, and environmental safety [20–23].

Hydrogels with high water absorption and adsorption 
capacities have gained significant attention [24–32]. Nota-
bly, the double-mesh interpenetrating hydrogel technol-
ogy and nanocomposite hydrogel technology have made 
remarkable advancements in this field [33, 34]. Graphene 
oxide (GO) is widely used in various applications, includ-
ing wastewater treatment [35], electrical conductivity 
[36], composites [37], energy conversion/storage units 
[38], and sensing [39], due to its excellent hydrophilicity 
and adsorption properties resulting from its large specific 
surface area. Similarly, MXene and carbon nanotubes 
demonstrate advantageous characteristics such as high 
specific surface area, excellent mechanical properties, 
and conductivity. However, they have relatively fewer 
surface functional groups, leading to weaker interactions 
with polyacrylamide and potentially limited enhancement 
of hydrogel performance. In the synthesis of graphene 
hydrogel, Ma et al. employed a unique approach by incor-
porating water within its structure, resulting in distinct 
adsorption properties for complex systems containing 
Cu(II) and ciprofloxacin (CIP) compared to normal miner-
als [40]. Batch adsorption experiments yielded the follow-
ing conclusions: adsorbed Cu(II) acts as a bridge, while 
dissolved Cu(II) acts as a competitor. The GH-CIP-Cu(II) 
ternary complex model successfully explains the increased 
Cu(II) adsorption. Water present at the interface can pro-
vide adsorption sites through hydrogen bonds or act as 
a barrier for Cu(II) and CIP adsorption. Considering the 
environmental behavior of complex pollutants, it is essen-
tial to consider the role of bound water to comprehensively 
understand the process and mechanism. Furthermore, the 
positive influence of enclosed water can be integrated into 
the design of hydrogel adsorbents.

In wastewater treatment, when hydrogels are directly 
placed in heavy metal ion effluent, their powder-like prop-
erties can result in secondary pollution due to the difficulties 
in recovery after adsorption. The physical co-blending of 
graphene with the above two materials cannot effectively 
immobilize it in the hydrogel. Therefore, it is critical to 
investigate new water-absorbent gel materials with superior 
adsorption properties and high mechanical strength. This 
study focuses on utilizing a reduction method to cross-link 
the chemical groups on the surface of graphene, forming an 
interpenetrating network structure hydrogel, and leveraging 

the synergistic effect of both components for wastewater 
adsorption. Existing literature commonly employs the reduc-
ing agent hydrazine hydrate, which is environmentally pol-
luting, and hydrothermal synthesis, characterized by high 
temperatures, long reaction times, and high energy con-
sumption. Tannic acid, a natural reducing agent, efficiently 
reduces metal ions [41, 42], thereby facilitating fast reac-
tions at low temperatures. Additionally, tannic acid exhibits 
diverse biological activities such as antioxidant, antibacte-
rial, and anti-inflammatory effects, making it widely appli-
cable in medicine, food, and cosmetics.

In this study, the formation of interpenetrating network 
structure (IPN) to obtain graphene/polyacrylamide interpen-
etrating network hydrogels was controlled by temperature. 
Tannic acid, a plant extract, was used both as a reducing 
agent and to connect the dispersed graphene lamellae. This 
choice aligns with the environmental green concept. Subse-
quently, the surface morphology, thermal stability, swelling, 
and adsorption behavior of the hydrogels were investigated.

2  Experimental section

2.1  Chemicals and instruments

The instrument and materials used include ZL-12TD-type 
freeze dryer (Shanghai Zuole); IRAFFINITY-1-type Fourier 
infrared spectrum analyzer; UV-2045-type ultraviolet vis-
ible photometer (Shimadzu, Japan); JSM-7900F-type field 
emission scanning electron microscope (Japan Electronics 
Co., Ltd.); SBC-12-type ion sputtering instrument (Beijing 
Zhongke Keji); and Q600SDT-type synchronous thermal 
analyzer (TA, USA).

N,N-methylenebisacrylamide (MBA, BASF Tianjin 
Chemical Co., Ltd.); acrylamide (AM), Comio reagent; tan-
nic acid (TA, tannic acid, West Asia Reagent Co., Ltd.); and 
graphene oxide (GO, Shenzhen Hongda Chang Co., Ltd.) 
were used as received without any further treatment.

2.2  Preparation of IPN hydrogels

To obtain a homogeneous graphene oxide solution, graphene 
oxide powder was added to deionized water and thoroughly 
shaken for 6 h using ultrasonic waves. Acrylamide, tan-
nic acid, cross-linking agent N,N-methylenebisacrylamide 
(MBA), and deionized water were then taken and mixed 
well. The mixture was heated in a water bath to 90 °C until 
all substances were fully dissolved. Afterward, initiator 
ammonium persulfate (APS) was added to the solution, 
which was rapidly shaken. The resulting mixture was poured 
into a 50-mL beaker and maintained at a temperature of 60 
℃. The reaction was allowed to proceed for 3 h, resulting in 
the formation of polyacrylamide hydrogel. Next, the oven 
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temperature was increased to 90 ℃ and maintained for 8 
h to obtain the desired product. The prepared gel was then 
placed in a dialysis bag and soaked with deionized water 
for 72 h, with the water being replaced every 6 h to remove 
any unreacted tannins from the gel. Finally, the sample was 
freeze dried and prepared, and the detailed formulations can 
be found in Table 1.

2.3  FTIR characterization

The samples to be characterized were prepared using the 
KBr press method. First, KBr was dried in an oven. Then, 
small amounts of lyophilized hydrogel sample, tannic acid, 
and graphene oxide were powdered together with KBr in an 
agate mortar. The mixture was then made into a transpar-
ent sheet using a press. Next, the samples were tested in an 
infrared spectrometer to obtain the characteristic absorption 
peaks of the corresponding functional groups. The scanning 
range was in the mid-infrared region and the scanning fre-
quency was 1 time/s. Infrared spectroscopy is a commonly 
used analytical tool to identify macromolecular compounds 
and determine their molecular structure.

2.4  Scanning electron microscopy observation

The freeze-dried hydrogel samples were cut into strips meas-
uring 4 mm in length and 2 mm in height and width. These 
strips were then glued to the SEM sample stage using con-
ductive tape and sprayed with gold on the surface to observe 
the hydrogel’s surface morphology using SEM.

2.5  Water absorption test

The freeze-dried samples of PAM (100%), GO-PAM (1%), and 
GO-PAM (2%) were weighed and placed in a 25-mL centri-
fuge tube. Then, 15 mL of deionized water was added to fully 
swell the samples for 24 h. This process is used to determine 
the water absorption rate, as indicated by Eq. (1).

where Q is the water absorption rate; m0 is the mass of the 
sample after lyophilization; mt is the sample mass after water 
absorption equilibrium of the specimen.

(1)Q(%) =

(

m
0
− m

0

m
0

)

× 100%

2.6  Thermal gravimetric analysis

A dried hydrogel sample weighing approximately 10 mg 
underwent measurement using a Q600SDT-type simultane-
ous thermal analyzer. The analysis was conducted under a 
nitrogen atmosphere, with a nitrogen flow rate of 10 mL/min 
and a heating rate of 10 °C/min. The temperature range was 
set from 25 to 600 °C.

2.7  Heavy metal ion adsorption test

The prepared standard samples were plotted on a UV spec-
trophotometer after configuring 5 gradients of nickel chloride 
solution to prepare the nickel chloride solution. Then, 50 mg of 
lyophilized graphene hydrogels was added to centrifuge tubes 
containing 20 mL of nickel chloride solution in 5 concentra-
tion gradients. After shaking for 1 h, the upper clear layer of 
the adsorbed solution was taken. The absorbance and concen-
tration changes of the adsorbed solution were measured using 
a UV spectrophotometer. Finally, the removal rate of heavy 
metal ions was obtained by comparing the before and after 
concentration changes.

The adsorption capacity of graphene hydrogels was inves-
tigated by comparing it under different conditions. In this 
study, 15 mg of graphene hydrogel samples was added to a 
beaker containing 100 mL of a nickel chloride solution with 
a concentration of 30 mg/L. The experiment was conducted 
at 25 °C with a neutral pH value, and the mixture was shaken 
to promote adsorption. At specific time intervals (i.e., 10, 20, 
30, 40, 50, 60, and 80 min), the remaining nickel chloride 
content of the adsorbed solution was measured using a UV 
spectrophotometer. By obtaining the adsorption capacity of the 
hydrogel at adsorption equilibrium, the kinetics of adsorption 
were further investigated.

3  Results and discussion

3.1  Analysis of FTIR measurements results

The FTIR spectra of graphene oxide, hydrogel, and tannic 
acid were obtained through FTIR characterization (Fig. 1a) 
as shown below, from top to bottom. The presence of 
oxygen-containing groups, such as carboxyl, hydroxyl, 
carbonyl, and ether bonds, leads to the oxidation of gra-
phene, which is evident from the FTIR spectrum. The 
characteristic peaks of these groups can be observed. The 
stretching vibration of the –OH functional group is located 
at around 3404  cm−1 in the high-frequency region [43, 
44]. The broad peak spectrum in this range is attributed to 
the existence of water molecules in GO. Additionally, the 
absorption peaks observed in the mid-frequency region at 
approximately 1719  cm−1 correspond to the carboxyl and 

Table 1  Hydrogel preparation formulations

Samples AM/g TA/mg GO/mg

100% PAM 1.8 0 0
2%GO-PAM 1.8 5 4
1%GO-PAM 1.8 5 2
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carbonyl C=O stretching vibrations at the edge of the GO 
lamellae [45, 46]. Furthermore, the stretching vibrations of 
the C–O–C ether bond result in the formation of the peak 
at 1054  cm−1, while the peak at 875  cm−1 is associated 
with the stretching vibration of the epoxy group.

The FTIR spectra of GO and 2% GO-PAM were com-
pared. The reduced graphene oxide hydrogels showed 
generally weaker characteristic absorption peaks of 

oxygen-containing groups. This phenomenon was attributed 
to the reduction of graphene oxide by tannic acid, leading 
to the removal of most oxygen-containing functional groups 
in the lamellae [1]. In addition, the reduced graphene oxide 
hydrogels had less pronounced characteristic peaks in the 
FTIR spectra.

The graphene/polyacrylamide interpenetrating network 
hydrogel exhibits several characteristic peaks. One such peak 

Fig. 1  Graph generated from experimental data of graphene hydrogel 
processed using Origin: a Infrared spectrum of GO (2% GO-PAM), 
TA; b thermogravimetric curves of the hydrogel series samples; c 
comparison of absorbance of solution before and after adsorption by 
PAAm and Go/PAAm hydrogels; d graphite alkene hydrogel adsorp-
tion capacity versus time curve; e hydrogel adsorption  Ni2+ quasi pri-

mary kinetic fitting curve; f quasi-secondary kinetic fitting curve for 
 Ni2+ adsorption by hydrogel. Hydrogel sample diagram: g 0%GO-
PAM; h 1%GO-PAM; i 2%GO-PAM. SEM photograph: j SEM image 
of graphene oxide hydrogel; k SEM image of graphene flakes; l SEM 
image of cross-section of 1% GO-PAM hydrogel; m SEM image of 
cross-section of 2% GO-PAM hydrogel
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is the vibrational absorption peak of the amine group (–NH2) 
in polyacrylamide, which can be observed at 3438  cm−1. 
Another noteworthy absorption peak is found between the 
range of 1725 to 1740  cm−1. This peak is associated with the 
reaction between the phenolic hydroxyl group in TA and the 
carboxyl group of graphene oxide, resulting in the formation 
of an ester group. Simultaneously, there are strong absorp-
tion peaks at 1694  cm−1 and 1638  cm−1. These peaks are 
attributed to the stretching vibration of the carbon-oxygen 
double bond in the amide group (–C=O) and the bending 
vibration of the amine group (–NH2).

The phenolic hydroxyl characteristic absorption peak 
in tannic acid, observed in its FTIR spectrum, is found at 
3354  cm−1. After hydrolysis to gallic acid, this peak remains 
present. In reduced graphene oxide hydrogel, however, the 
–OH peak is relatively weaker compared to that of tannic 
acid. This suggests that tannic acid interacts with graphene 
oxide, leading to a consumption of –OH groups.

3.2  Scanning electron microscopy analysis

The surface morphology of the experimentally prepared 
hydrogel samples was analyzed using scanning electron 
microscopy. The figure below illustrates the results of the 
analysis (see Fig. 1j). It is evident from the figure that the 
graphene hydrogel exhibits a distinct pore structure, with 
clearly visible layers of graphene flakes on the surface. On 
the other hand, Fig. 1k depicts the structure of graphene 
oxide. It can be observed that the graphene oxide utilized in 
the experiment is a monolayer graphene oxide, with a sheet 
diameter ranging from approximately 7 to 15 μm.

The observed cross-section of 1% GO-PAM hydrogel 
and 2% GO-PAM hydrogel showed that the pore size of 
the hydrogel with 2% graphene content is approximately 
5 µm, while the pore size of the hydrogel with 1% gra-
phene content is about 10 µm (Fig. 1l, m). After freeze 
drying under the same conditions as the hydrogel with 
1% graphene content, it was observed that the pore size 
of the hydrogel with 2% graphene content is relatively 
smaller and denser [47]. This suggests that an appropriate 
increase in the amount of GO leads to a further reduction 
in pore size. This reduction is attributed to the redox reac-
tion between tannic acid and reduced graphene oxide in 
the hydrogel skeleton, resulting in the formation of ester 
groups which connect the graphene lamellae together. Fur-
thermore, the reduced graphene oxide interacts through 
π-π bonds and forms a three-dimensional network struc-
ture, thereby further reducing the pore size.

Tannic acid reacts with graphene oxide in a graphene 
hydrogel, resulting in the formation of reduced graphene 
oxide. This reaction chemically bonds the two substances 
and immobilizes the graphene securely inside the hydrogel 
through the IPN structure.

3.3  Thermodynamic analysis

Figure 1b shows the thermal weight loss curves of graphene 
hydrogels with varying graphene oxide (GO) contents, as 
tested by a thermodynamic analyzer. The addition of gra-
phene oxide has a noticeable impact on the thermal deg-
radation trend of the acrylamide hydrogel. Specifically, 
when different levels of graphene are incorporated into the 
hydrogel, the thermal weight loss temperature of the hydro-
gel increases. This effect can be attributed to the presence 
of the graphene oxide sheet layer within the hydrogel. The 
physical barrier created by this layer affects the internal heat 
transfer and provides protection for a portion of the hydro-
gel’s internal structure.

The addition of GO to the hydrogel led to an increase in 
the thermal weight loss temperature, as shown in Table 2. 
Specifically, the thermal weight loss temperature of 1% 
GO-PAM increased by 24 °C, and for 2% GO-PAM, it 
increased by 30 °C. Similarly, the hydrogel T10% exhib-
ited an increase in the thermal weight loss temperature; 
with the thermal weight loss temperature of 1% GO-PAM 
and 2% GO-PAM increasing by 16 °C and 18 °C, respec-
tively. This response was even more pronounced for the 
hydrogel T50%, as the thermal weight loss temperature 
of 1% GO-PAM and 2% GO-PAM increased by 18 °C and 
16 °C, respectively. The enhanced thermal properties of 
the composite hydrogel can be attributed to the physical 
barrier created by the larger specific surface area of GO, 
impeding the polymer chains, as well as the unique thermal 
conductivity of GO hindering the decomposition of the 
polymer chains. These findings suggest that the reaction 
of GO sheets with tannic acid played a cross-linking role 
in the graphene/polyacrylamide interpenetrating network 
hydrogel structure [48].

3.4  Analysis of water absorption results

The data in Table 3 demonstrates the water absorption 
capabilities of the acrylamide hydrogel, which improve 
with the addition of graphene oxide. It can be observed 
that polyacrylamide exhibits good water absorption. 
Furthermore, the addition of graphene oxide leads to an 
increase in water absorption by 8% and 30%, respectively. 
This enhanced water absorption can be attributed to the 

Table 2  The temperature corresponding to the degree of weight loss 
of hydrogel series samples

Samples T initial/mg T10% /mg T10% /℃ T50% /mg T50% /℃

100% PAM 10.29 9.26 131.4 5.14 392.8
1%GO-PAM 9.83 8.84 155.6 4.91 408.5
2%GO-PAM 11.27 10.14 185.7 5.63 426.4
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presence of oxygen-containing hydrophilic functional 
groups on the surface of graphene and the formation of 
interconnected pores when the graphene sheets are joined, 
resulting in improved water absorption.

3.5  Adsorption behavior analysis

3.5.1  Removal rate of heavy metal ions in specific solutions

The adsorption efficiency of graphene hydrogel varies 
with the concentration, as evidenced by the data presented 
in Fig. 1c and Tables 4 and 5. Specifically, the adsorp-
tion effect improves as the concentration of the solution 
increases. The unique three-dimensional network structure 
of the hydrogel, combined with the reaction between gra-
phene and tannic acid, results in the formation of denser 
and narrower pores inside the hydrogel. This character-
istic prevents the diffusion of heavy metal ions from the 
adsorption equilibrium. Notably, the adsorption equilib-
rium can be reached in approximately 60 min [49]. Fur-
thermore, the adsorption efficiency is directly influenced 
by the concentration of the solution being adsorbed. The 
changes in absorbance before and after adsorption are rep-
resented by Eq. (2):

where Q is the adsorption rate; C0 is the concentration of 
nickel chloride before adsorption in Eq. (2); Ct is the con-
centration of nickel chloride after adsorption.

(2)Q(%) =
c
0−ct

c
0

∗ 100%

3.5.2  Adsorption capacity of graphene hydrogels

The concentration of heavy metal ions in solution is meas-
ured by UV-Vis spectrophotometer and the adsorption 
capacity can be calculated by Eq. (3):

where C0 (mg/L) and Ce (mg/L) denote the initial concentra-
tion of the solution and the concentration when the adsorp-
tion equilibrium is reached, respectively; m (g) denotes the 
input mass of the graphene hydrogel; V (L) refers to the 
volume of the solution used for the adsorption experiment.

Figure 1d shows the curve of adsorption capacity meas-
urement. The adsorption capacity of graphene hydrogel can 
reach 108.34 mg/g, which is comparable to the adsorption 
capacity reported in the literature. (The maximum adsorp-
tion capacity of layer-by-layer structured chitosan/graphene 
oxide composite hydrogel for  Ni2+ is 121.58 mg/g, as meas-
ured by Li et al. [50].) 

3.5.3  Adsorption kinetics

The first-stage adsorption uses the Largergen equation to 
calculate the adsorption rate, which is shown by Eq. (4):

where Qe represents the adsorption capacity of the adsorbent 
used for adsorption when it reaches adsorption equilibrium; 
Qt represents the adsorption capacity (mg/g) of the hydrogel 
at any adsorption moment t; and k1 is a constant which rep-
resents the quasi-level adsorption rate constant in  (min−1).

By conducting data processing on both sides of (4) and 
integrating from t = 0 to t > 0, Eq. (5) is obtained.

for ln (Qe − Qt ) vs. t, plotting ln (Qe − Qt ) as the vertical axis 
and t time as the horizontal axis after data processing in 

(3)qe =
c
0
− ce

m
v

(4)
dQt

dt
= k

1
(Qe − Qt)

(5)ln
(

Qe − Qt

)

= −K
1
t + lnQe

Table 3  Measurement data of water absorption of hydrogel series 
samples

Samples Mass before water 
absorption/g

Mass after water 
absorption/g

Water 
absorption %

100% PAM 0.2747 1.0528 283
1%GO-PAM 0.1807 0.7066 291
2%GO-PAM 0.2473 1.0658 313

Table 4  Removal rate data of heavy metal ions by PAAm hydrogel 
adsorption

Sample 
Serial 
number

Pre-sorption 
concentration 
mol/L

Concentration after 
adsorption mol/L

Removal rate %

1 0.02 0.012 38.6
2 0.04 0.031 21.1
3 0.06 0.047 20.5
4 0.08 0.056 29.2
5 0.10 0.080 20

Table 5  Removal rate data of heavy metal ions by GO/PAAm hydro-
gel adsorption

The sample used in the experiment is 50 mg of 2% GO-PAM dry glue

Sample 
Serial 
number

Pre-sorption 
concentration 
mol/L

Concentration after 
adsorption mol/L

Removal rate %

1 0.02 0.015 25
2 0.04 0.029 27.5
3 0.06 0.044 26.7
4 0.08 0.055 31.25
5 0.10 0.072 28
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origin to do data analysis, the quasi-level kinetic fitting 
curve was obtained. As in Fig. 1e, the secondary model of 
adsorption kinetics is based on chemisorption. The specific 
expression of the quasi-secondary kinetic equation is shown 
in Eq. (6):

In the formula, Qe and Qt have the same meaning as 
in formula (6); k2 indicates the secondary adsorption rate 
constant (g/mg-min).

Similarly integrating the above equation, Eq. (7) was 
formed:

Plotting t/Qt against t, a first-order kinetic fitting curve 
was obtained, as shown in Fig. 1f.

The adsorption of heavy metal ions onto nickel chloride 
solutions was conducted using graphene/acrylamide inter-
penetrating network hydrogels. The data in Table 6 were 
obtained by fitting the theoretical adsorption capacity and 
kinetic related parameters.

Based on the analytical results presented in Table 7 
and Fig. 1e, f, the fitted quasi-level dynamic equations 

(6)
dQt

dt
= k

2
(Qe − Qt )

2

(7)
t

Qt

=
1

K
2
Q2

e

+
t

Qe

R2 and quasi-secondary dynamic equations R2 in Origin 
were found to be 0.89144 and 0.99708, respectively. Fur-
thermore, the equilibrium adsorption capacity Qe value of 
110.25 mg/g obtained from the analysis was found to be 
more similar to the experimental result of 108.34 mg/g. 
These results indicate that the kinetic behavior of nickel 
chloride adsorption by graphene hydrogel was more con-
sistent with the quasi-secondary kinetic model, as opposed 
to the quasi-level dynamic model.

4  Conclusions

By preparing the interpenetrating network structure hydro-
gel, it has been observed that the thermal stability of 2% 
GO-PAM is better than 1% GO-PAM. At T10% (10% ther-
mal weight loss) of the hydrogel, the temperatures of 1% 
GO-PAM and 2% GO-PAM increased by 24 °C and 30 °C, 
respectively. Similarly, at T50% of the hydrogel, the thermal 
weight loss temperature of 1% GO-PAM and 2% GO-PAM 
increased by 16 °C and 18 °C, respectively. Moreover, the 
addition of graphene resulted in an increase in the equilib-
rium swelling rate of the hydrogel. The water absorption 
rate was 283% for 100% PAM, 291% for 1% GO-PAM, and 
313% for 2% GO-PAM. This indicates that 1% GO-PAM 
increased by 8% compared to 100% PAM, while 2% GO-
PAM increased by 22% compared to 1% GO-PAM. Fur-
thermore, the interpenetrating network graphene hydrogel 
prepared during dynamic adsorption showed good adsorp-
tion capacity of 108.34 mg/g. The process of adsorption of 
 Ni2+ followed the quasi-secondary kinetic model. In sum-
mary, the preparation of the interpenetrating network struc-
ture hydrogel results in improved thermal stability, water 
absorption, and adsorption capacity. These findings suggest 
promising application prospects.
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Table 6  Adsorption capacity of graphene hydrogels with time at the 
same concentration gradient

The sample used in the experiment is 15 mg of 2% GO-PAM dry glue

Sample 
adsorption 
time/min

Concentration of the upper layer of 
clear liquid at the time of sampling 
mg/L

Adsorption 
capacity 
mg/g

0 30 0
10 27.3 18
20 24.4 37.34
30 21.3 58
40 17.9 80.67
50 15.1 99.34
60 14.2 108.34
80 14.8 101.33

Table 7  Parameters related to quasi-primary and quasi-secondary kinet-
ics of nickel chloride adsorption by adsorbent graphene hydrogels

The hydrogel sample used for the adsorption capacity determination 
was 2% GO-PAM dry gel with a mass of 15 mg

Quadratic kinetic equations Quasi-secondary kinetic equation

ln(Qe − Qt ) = −K
1
 t+lnQe

t

Qt

=
1

K
2
Q2

e

+
t

Qe

Qe k1 R2 Qe k2 R2

103.35 mg/g 0.180 0.89114 110.25 mg/g 0.0021 0.99708
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