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ABSTRACT
The preparation and application of functional hydrogels based on natural polysaccharides have always been a hot
research topic. In this study, using acrylamide (AM) monomer, N, N'-methylene bisacrylamide (MBA) as crosslinking agent, potassium persulfate (K2S2O8) as initiator, in the presence of natural polysaccharide sodium
alginate (SA), the PAM/SA hydrogel was prepared by free radical polymerization. Fourier transform infrared
spectroscopy (FT-IR), swelling performance tests, scanning electron microscope (SEM), thermogravimetric
analysis (TGA), UV-visible spectrophotometer, mechanical property measurements were carried out to analyze
the composition, morphology, and performance of the hydrogels. The swelling behavior, dye adsorption performance, and the mechanical properties of PAM/SA hydrogels before and after Fe3+ adsorption were studied. The
experimental results showed that the introduction of SA with 4.7%, 7.8%, and 10.3% effectively improved the
mechanical and dye adsorption properties of PAM composite hydrogels. The adsorption capacity of
PAM/4.7%SA and PAM/10.3%SA hydrogels at equilibrium can reach 40.01 and 44.02 mg/g for methylene blue,
which is higher than the value 13.58 mg/g of pure PAM hydrogel. The compressive strength of pure PAM hydrogel is 0.124 MPa. When the SA content is 4.7%, 7.8%, and 10.3%, the compressive strength of the PAM/SA hydrogel was corresponding to 0.130 MPa, 0.134 MPa, and 0.152 MPa, respectively. Fe3+ was introduced into the
PAM/SA hydrogels, and PAM/SA/Fe3+ double-network hydrogels with excellent mechanical properties could
be prepared by adjusting the SA content (4.7%, 7.8%, and 10.3%), soaking time (1 h, 2 h, 3 h, 4 h, 5 h, 6 h),
and Fe3+ concentration (4.76%, 7.41%, 9.09%, and 13.04%). Under the same Fe3+ concentration of 9.09% and
adsorption time of 4 h, the compressive strengths of the PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA hydrogels could reach 0.354 MPa, 0.767 MPa, and 0.778 MPa, respectively.
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1 Introduction
With the development of industrial technology, many synthetic dyes have been used in textile,
cosmetics, papermaking, and printing and dyeing industries. However, due to the complex aromatic
structure in synthetic dyes, it is difﬁcult to be degraded by organisms. Therefore, the release of dyes in
wastewater discharged not only destroys the environment, but also dramatically threatens human health
[1−4]. Therefore, the removal of dyes from wastewater is of great signiﬁcance to environmental
protection and human health. Many methods have been adopted for the removal of dyes in water, one of
which is photocatalytic degradation [5−9], and the other is adsorption removal [10−12], but the former
often requires additional light sources, and the catalyst dispersed in water is difﬁcult to recover. The
adsorption method is a crucial application means to remove dyes and other pollutants [13−15].
The hydrogel is a three-dimensional cross-linked network structure system that can maintain its shape even
after absorbing a large amount of water [16,17]. Because of the good hydrophilic performance, high water
content, excellent biocompatibility, and intelligent response to environmental stimuli (pH [18−20],
temperature [21−23], ion intensity [24], near-infrared laser [25,26], and magnetic ﬁeld [27,28]), the
hydrogel has been widely used in catalysis [29–31], biomedical application [32−34], drive and sensor
[35–38], drug controlled release [39], energy storage [40−42], wastewater treatment [43], and other ﬁelds.
For example, Wang et al. [44] reported the preparation of poly (vinyl alcohol)/graphene nanocomposite
hydrogel scaffolds and used them for control of cell adhesion. Among many adsorbents, hydrogels have the
characteristics of being able to swell in water and simultaneously retain a large amount of water without
being dissolved. Hydrogels are easy to introduce functional and charged groups, have a large speciﬁc
surface area, and have excellent swelling and shrinking properties, effectively removing dye molecules
released from the industry [45,46]. Many researchers have done a lot of research work on the preparation,
mechanism, and performance of high-strength and high-toughness hydrogels [47−51], but the research on
the properties and applications of hydrogel materials still needs further exploration and development.
Generally, polymer hydrogel adsorbents based on polyacrylamide and polyacrylic acid derivatives
usually cause secondary environmental pollution after being discarded. Nowadays, many researchers are
concerned about applying biomass materials to remove heavy metals and organic pollutants in water,
such as chitosan, cellulose, sodium alginate (SA), and other natural polysaccharides [52−58]. These biobased materials have good biocompatibility, renewability, and degradability, and are promising in various
ﬁelds [59−62]. Natural polysaccharide polymers such as sodium alginate are cheap and have good
compatibility and degradability. Sodium alginate contains many carboxyl groups and hydroxyl groups, so
it can exhibit polyanionic behavior in aqueous solutions and has a wide range of applications in the food
and pharmaceutical ﬁelds [63]. Although sodium alginate is rich in anionic carboxyl groups and has the
potential to adsorb cationic dyes, its strong water absorption and solubility in water make it impossible to
become a stable adsorbent. Therefore, in this study, sodium alginate and polyacrylamide were used to
compound to improve the adsorption and mechanical properties of the hydrogel.
In this study, sodium alginate was introduced into polyacrylamide to prepare PAM/SA hydrogels by free
radical polymerization. The composition, morphology, and structure of the PAM/SA hydrogel were
characterized by FT-IR, SEM, TGA, etc., and the adsorption property for methylene blue dye, swelling,
and mechanical properties of the PAM/SA hydrogel were investigated. Using the ionic cross-linking
interaction of the carboxyl group on SA and Fe3+, the PAM/SA-Fe3+ double cross-linked network
hydrogels with excellent mechanical properties were prepared in situ by immersion strategy.
2 Experimental Part
2.1 Chemicals and Materials
Acrylamide (AM), potassium persulfate (K2S2O8, 99%), and N,N′-methylene bisacrylamide (MBA,
98%) were purchased from Beijing JK Chemical Company, Beijing, China. FeCl3, methylene blue,
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sodium alginate (SA, chemically pure) were purchased from Shanghai Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. All experimental water is deionized water.
2.2 Preparation of the PAM/SA Hydrogel
First, 0.4 g of K2S2O8 was dissolved in 10 mL of deionized water, and 0.5 g of SA was dissolved in
15 mL of deionized water, and the mixture was ultrasonicated until the transparent solution was obtained.
3 mL, 5 mL, and 7 mL of SA solutions were mixed with 7 mL, 5 mL, and 3 mL of AM (2.0 g) aqueous
solutions, respectively. Each solution with a volume of 10 mL was ultrasonically shaken to make them
thoroughly mixed. Then 0.04 g of MBA and 1 mL of K2S2O8 solution (0.4 g/10 mL) were added to the
solution obtained above. The mixture was stirred and allowed to react in water bath at 60°C for 8 h. After
the reaction was over, the hydrogel was taken out and immersed in the deionized water for removing the
unreacted monomers and small residual molecules. The deionized water was changed every 10 h for
3 days. The hydrogel samples were freeze-dried and stored for the following measurements. If the SA
content is higher than 10.3%, it cannot be easily dissolved in water, and is not be able to form a uniform
transparent solution, resulting in the inhomogeneous hydrogels. Therefore, the SA content was controlled
to be 4.7%, 7.8%, and 10.3% for preparing PAM/SA hydrogels. The reference pure PAM hydrogel
without adding SA was also prepared according to the procedure mentioned above. The synthetic formula
of the hydrogel was shown in Tab. 1. For example, the PAM/SA sample was labeled with “PAM/4.7%
SA,” indicating the PAM/SA hydrogel containing 4.7% SA.
Table 1: The recipe for the PAM and PAM/SA hydrogels
Sample

SA (g)

AM (g)

MBA (g)

K2S2O8 (g)

H2O (mL)

PAM
PAM/4.7%SA
PAM/7.8%SA
PAM/10.3%SA

–
0.10
0.17
0.23

2.0
2.0
2.0
2.0

–
0.04
0.04
0.04

0.04
0.04
0.04
0.04

10
10
10
10

2.3 Preparation of PAM/SA-Fe 3+ Hydrogels
The prepared hydrogel samples were soaked into Fe3+ solutions with different concentrations (the mass
fractions of 4.76%, 7.41%, 9.09%, and 13.04%) for Fe3+ adsorption for 1, 2, 3, 4, 5, and 6 h, respectively.
After the adsorption of Fe3+, the hydrogel sample with Fe3+ was freeze-dried and tested for determining the
mechanical properties.
2.4 Characterization and Testing of Hydrogels
2.4.1 Mechanical Properties Tests
At room temperature, a universal testing machine was used to test the mechanical properties of the
hydrogel, and a mechanical sensor with a maximum load of 1 KN was used. The hydrogel used in the
compression test was cylindrical, and the size of the hydrogel was 25 mm in diameter and 23 mm in
height. The compression speed of the compressor was set to be 5 mm/min, and the test termination was
set to hydrogel fragmentation.
2.4.2 Swelling Behavior Tests
The PAM and PAM/SA hydrogels were freeze-dried to constant weight, and the initial mass (mo) of the
dry hydrogel was accurately weighed. The dry hydrogel sample was soaked into 100 mL of deionized water,
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and was swelled at room temperature. At regular intervals, the mass of the hydrogel (mt) was weighed. The
swelling ratio (SR) of the hydrogel was calculated according to Eq. (1).
mt  mo
 100%
(1)
SR ¼
mo
2.4.3 SEM Tests
The hydrogel sample was ﬁrst frozen in liquid nitrogen and then fractured. After the sample section was
gold-plated, a JEOL JSM-IT100 scanning electron microscope was used to observe the section’s morphology
at an accelerating voltage of 10 kV.
2.4.4 FT-IR
The freeze-dried hydrogel samples were tested in the 4000–400 cm-1 wave number range using the
NICOLET (IS 10) Fourier infrared spectrometer.
2.4.5 Dye Adsorption Tests
First of all, a series of standard solutions of methylene blue were made, and the stock solution was tested
by (UV 1800) UV-visible spectroscope to obtain the standard curve. Samples of about 0.01 g were placed in a
methylene blue solution for adsorption, and 10 mL is taken out every 10 min for UV visible spectroscopy
testing to obtain the adsorption capacity of the dye according to the standard curve.
2.4.6 TGA Analysis
The sample of about 2–3 mg was measured using a 209 F1 Netzsch thermobalance. The heating rate of
20 °C/min, the oxygen atmosphere ﬂow rate of 50 mL/min and the temperature range of 100°C to 500°C is
set for the measurement.
3 Results and Discussion
3.1 Preparation and FT-IR Characterization of PAM/SA Hydrogels
In this study, sodium alginate was introduced into polyacrylamide to prepare hydrogels using free radical
polymerization. Using acrylamide as the monomer, potassium persulfate as the initiator, and MBA as the
cross-linking agent, upon heating, the initiator potassium persulfate decomposes to generate free radicals
and initiates the polymerization of the acrylamide monomer. At the same time, the MBA has a double
bond, which can be opened to form a cross-linked polyacrylamide network structure. Sodium alginate
exists in the form of linear chains in the solution, eventually forming a semi-interpenetrating cross-linked
network structure (as shown in Scheme 1). The swelling behavior, dye adsorption performance, and
mechanical properties of the PAM/SA hydrogel have been studied. Since Fe3+ can coordinate with
carboxylates of SA on the hydrogel network, PAM/SA hydrogels can continue to be cross-linked by Fe3+
to form a double cross-linked network structure containing PAM and SA networks.
Fig. 1 shows the FT-IR spectra of PAM, PAM/4.7%SA, PAM/7.8%SA, PAM/10.3%SA, and PAM/4.7%
SA/Fe3+ hydrogels. From Fig. 1, it can be seen that the broad peak at 3000–3600 cm–1 is attributed to the
stretching vibration of O-H, the peak at 2921 cm−1 is belonging to the stretching vibration of C-H, and
the peaks at around 1618 and 1425 cm−1 are assigned to the stretching vibration peak of carboxylate. The
absorption peaks at 1035 and 949 cm−1 are attributed to C-O stretching vibration and C-O-H deformation
vibration [64]. Observing the FT-IR spectra of pure PAM hydrogel, it can be found that the absorption
peak at 1641 cm−1 belongs to the characteristic stretching vibration of the amide I bond (C=O) [65].
After the addition of SA, it can be seen from the infrared spectra of the prepared PAM/SA hydrogels,
because the characteristic absorption peaks of the carboxylate and amide I bond overlap together,
resulting in the shift of the absorption peak to a lower wave number position. After soaking in Fe3+
solution, the PAM/4.7%SA/Fe3+ hydrogel was obtained. The spectrum of PAM/4.7%SA/Fe3+ hydrogel

JRM, 2021, vol.9, no.8

1451

was also shown in Fig. 1. From Fig. 1, compared with PAM/SA hydrogels, the PAM/4.7%SA/Fe3+ hydrogel
shows several new peaks locating at about 1323 and 1118 cm−1, and a broad absorbance band from 500 to
750 cm−1, indicating the presence of inorganic salt and Fe3+. It can be seen from the FT-IR results that the
PAM/SA hydrogel has been successfully prepared and can be used for the next performance test and
characterization.

Scheme 1: Preparation of PAM/SA IPN hydrogel and the formation of double network hydrogels by crosslinking SA chains with Fe3+
3.2 Swelling Property of PAM/SA Hydrogels
PAM hydrogel has good water absorption ability due to its hydrophilic amide groups, and SA has strong
hydrophilicity due to the -OH and -COOH groups, so in this work, the swelling properties of the hydrogel
were investigated and the effect of SA on the swelling properties of PAM hydrogels was veriﬁed. Fig. 2
shows the swelling rate of pure PAM and PAM/SA hydrogels as a function of time in deionized water
during the swelling test at room temperature. It can be seen from Fig. 2 that the swelling rate of each
PAM/SA hydrogel was increased rapidly with the time from 0 to 300 min. Among them, the PAM/SA
hydrogel with 10.3% SA shows the fastest swelling rate, while pure PAM hydrogel has the slowest
swelling rate. After 300 min, the swelling rate of each hydrogel slowed down, and the pure PAM
hydrogel began to reach swelling equilibrium at about 600 min. The PAM/SA hydrogels were continued
to swell, and the swelling equilibrium was slowly reached at about 1200 min. It can be observed from
Fig. 2 that the swelling rate of the PAM/SA hydrogels synthesized by adding different contents of SA
was different when reaching equilibrium. The swelling rate values of PAM and PAM/SA hydrogels
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(4.7%, 7.8%, and 10.3%) at the equilibrium are 93.98%, 145.72%, 156.8%, and 171.26%, respectively. This
may be because the repulsion of the same negatively charged COO− groups on the SA linear chain embedded
in the networks led to an expanded network structure and more swelling in the deionized water. With the
increase of the SA content, the swelling rate of PAM/SA hydrogel was increased. On the other hand, the
hydrophilic SA was inserted into the PAM network structure in the form of linear chains. The greater the
number of SA linear chains, the greater the obstacle in forming the hydrogel cross-linked structure, and
the more likely it is to cause loose semi-interpenetration. Because of the hydrophilic feature of SA in the
network, the swelling rate of the PAM/SA hydrogel is greater than that of the pure PAM hydrogel. In
summary, the addition of SA can improve the swelling performance of PAM hydrogel.
PAM
PAM/4.7%SA

1641

PAM/7.8%SA

Transmittance
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Figure 1: FT-IR spectra of PAM, PAM/4.7%SA, PAM/7.8%SA, PAM/10.3%SA, and PAM/4.7%SA/Fe3+
hydrogels
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Figure 2: Swelling curves of PAM, PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA hydrogels
3.3 SEM Analysis of PAM/SA Hydrogels
Fig. 3 shows the cross-sectional SEM images of pure PAM hydrogel and PAM/10.3%SA hydrogel. It
can be seen from Fig. 3 that the sections of the hydrogel all present a porous structure. However, the
PAM hydrogel’s pore structure is more compact, and its pore size (19.9 μm) is signiﬁcantly smaller than
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that (39.7 μm) of the PAM hydrogel added with SA. This indicates that the pore size of the PAM hydrogel
was increased after SA was added, and the ﬁlamentous connections between the pores on the cross-sections
of the PAM/SA hydrogel can be clearly observed. Compared to PAM hydrogel, this kind of porous structure
may affect the mechanical properties of the PAM/SA hydrogel, which will be analyzed and discussed in the
following section.

Figure 3: SEM images of pure PAM (a 100 μm, b 50 μm) and PAM/10.3%SA hydrogel (c 100 μm, d 50 μm)
3.4 Dye Adsorption Ability of PAM/SA Hydrogels
SA is rich in anionic carboxyl groups, and the obtained PAM/SA hydrogels can adsorb cationic dyes.
Therefore, the adsorption capacity of PAM/SA for cationic methylene blue dyes in this work was also
studied. To verify the inﬂuence of SA on the dye adsorption performance of PAM hydrogels, dye
adsorption tests were performed on the prepared hydrogels, and the adsorption dye selected was
methylene blue. The freeze-dried hydrogel with a mass of about 0.01 g was used for the dye adsorption
tests. Fig. 4 shows the adsorption capacity of PAM, PAM/4.7%SA, and PAM/10.3%SA hydrogels for
methylene blue dyes as a function of time. It can be seen from Fig. 4 that the pure PAM hydrogel also
has a small adsorption capacity for methylene blue dye, and the adsorption equilibrium is quickly reached
within 60 min. The maximum adsorption capacity of the PAM hydrogel for methylene blue is about
13.58 mg/g. This is mainly due to the van der Waals and hydrogen bonding interactions between the
cross-linked PAM network structure and dyes. In contrast, the adsorption capacity of PAM/4.7%SA,
PAM/7.8%SA, and PAM/10.3%SA hydrogels at equilibrium can reach 40.01, 42.23, and 44.02 mg/g for
methylene blue, which is higher than that of pure PAM hydrogel. This result is mainly due to the
electrostatic interaction between the anionic carboxylate on the SA chain and the cationic dye molecules.
Therefore, the addition of SA has a positive impact on the adsorption performance of PAM hydrogels.
With the increase of SA content, the more effective adsorption sites of the PAM/SA hydrogel for
methylene blue, the better the adsorption performance.
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Figure 4: The adsorption capacity of PAM, PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA hydrogels
for methylene blue dyes as a function of time
3.5 TGA Analysis of PAM/SA Hydrogels
Fig. 5 shows the TGA and DTG graphs of PAM, PAM/4.7%SA, and PAM/10.3%SA hydrogels. Tab. 2
shows the temperature at different weight-loss rates of PAM, PAM/4.7%SA, and PAM/10.3%SA hydrogels.
It can be seen from Fig. 5 and Tab. 2 that when the residual weight fraction is 70%, the degradation
temperatures of PAM hydrogel, PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA hydrogel were 321.2,
326.7, 330.1, and 332.9°C, respectively. PAM/10.3%SA hydrogel has the best thermal stability, followed
by PAM/7.8%SA, and ﬁnally pure PAM hydrogel. The PAM and PAM/SA hydrogel show the same trend
when the residual weight fraction is 40%. According to Fig. 5 and Tab. 2, it can be found that the
maximum decomposition temperatures of PAM, PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA were
407.0°C, 411.5°C, 416.2°C, and 420.3°C, respectively. That means that adding SA into the PAM
hydrogel cross-linked network system can form a semi-interpenetrating polymer network structure and
effectively improve the thermal stability of the hydrogel.
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Figure 5: TGA and DTG diagrams of PAM, (a) PAM/4.7%SA, and (b) PAM/10.3%SA hydrogels
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Table 2: The degradation temperature of PAM, PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA hydrogels
at different weight-loss rates
Samples

Degradation temperature at the Degradation temperature at the The maximum
residual weight of 70% (°C)
residual weight of 40% (°C)
degradation peak (°C)

PAM
PAM/4.7%SA
PAM/7.8%SA
PAM/10.3%SA

321.2
326.7
330.1
332.9

401.6
402.9
403.8
405.1

407.0
411.5
416.2
420.3

3.6 Mechanical Properties of PAM/SA Hydrogel before and after Fe3+ Adsorption
3.6.1 Mechanical Properties of PAM/SA Hydrogel before Fe3+ Adsorption
The next step is to test the mechanical compression properties of PAM/SA hydrogels. Fig. 6 shows the
pictures of the visual appearance of Pure PAM, PAM/4.7%SA, PAM/7.8%SA, PAM/10.3%SA hydrogels
before and after compression tests (the water content of the hydrogel is about 83%). It can be seen from
Fig. 6 that the pure PAM hydrogel was transparent, and the hydrogel was deformed before it was broken in
the compression test, so the mechanical properties of the pure PAM hydrogel were poor. Figs. 6b, 6c, and
6d show that the PAM/SA hydrogels were gradually darkened with the increase of SA content, and the
degree of breakage of the hydrogels were also increased with the rise in SA content during compression
tests. This indicates that the mechanical properties of SA-added PAM hydrogels are different from those of
pure PAM hydrogels. Further information can be found from the following analysis on the stress-strain curves.

Figure 6: The visual appearance of (a) Pure PAM, (b) PAM/4.7%SA, (c) PAM/7.8%SA, (d) PAM/10.3%SA
hydrogels before and after compression tests
Fig. 7 shows the stress-strain diagrams of pure PAM, PAM/4.7%SA, PAM/7.8%SA, PAM/10.3%SA
hydrogels. During the compression process, it was found that the pure PAM stress-strain curve was above
the curves of the PAM composite samples. That is, under the same strain, the stress value of the PAM
composite sample is much smaller than that of the PAM pure sample. The pure PAM sample showed more
rigidity than PAM composite samples with SA added. The addition of SA has a toughening effect on the
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mechanical properties of PAM. The maximum compressive force and compressive strength of each hydrogel sample
were obtained in the test. It can be seen from Fig. 7 that the compressive strength of pure PAM hydrogel is
0.124 MPa. When the SA content is 4.7%, 7.8%, and 10.3%, the compressive strength of the PAM/SA hydrogel
was corresponding to 0.130 MPa, 0.134 MPa, and 0.152 MPa, respectively. This indicates that the addition of
SA can form a semi-interpenetrating cross-linked network structure with the PAM cross-linked network
structure. The mechanical strength of the PAM/SA hydrogel was improved as the content of SA increases.
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0.10
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Figure 7: Stress-strain diagrams of pure PAM, PAM/4.7%SA, PAM/7.8%SA, PAM/10.3%SA hydrogels
3.6.2 Mechanical Properties of PAM/SA Hydrogel after Fe3+ Adsorption
In order to prepare PAM/SA hydrogels with much stronger mechanical properties, in this research
PAM/SA hydrogels were immerse in Fe3+ solution, and SA chains were connected to form network
structures through the coordination complexation between carboxylate and Fe3+ ions. Together with the
existing PAM covalent bond network structure, it forms a double cross-linked network structure, which
can improve the mechanical properties of the hydrogel. In this study, the inﬂuence of SA content,
immersion time, and the Fe3+ solution concentration on the compressibility of PAM/SA composite
hydrogel was investigated. Firstly the effect of different SA content on the compressive strength of PAM
and PAM/SA was examined under the same Fe3+ concentration and the same adsorption time
(CFe3+ = 9.09%, adsorption time is 4 h). Fig. 8 shows the stress-strain diagram of PAM/SA hydrogels
with different SA content after Fe3+ adsorption. It can be seen from Fig. 8 that the compressive strengths of the
PAM/4.7%SA, PAM/7.8%SA, and PAM/10.3%SA hydrogels are 0.354 MPa, 0.767 MPa, and 0.778 MPa,
respectively. Compared with the PAM/SA hydrogel without Fe3+, the addition of Fe3+ signiﬁcantly improved
the mechanical properties of the PAM/SA hydrogel. In addition, the mechanical properties of the PAM/SA
hydrogel soaked in the Fe3+ solution with the same concentration for the same time were increased with the
increase of SA content. The higher the SA content, the more effective SA sites for complexing and coordination
with Fe3+, forming the double cross-linked network structures and improves the mechanical properties.
Then the effect of different Fe3+ concentrations on the mechanical properties of PAM/SA hydrogels was
studied under the same SA content of 10.3% and the same immersion time of 4 h. In this compression test, the
Fe3+ concentration was set to be 4.76%, 7.41%, 9.09%, and 13.04%, respectively. Fig. 9 shows the stressstrain diagram of PAM/SA hydrogels after Fe3+ adsorption. It can be seen from Fig. 9 that the compression
strength of PAM/SA-Fe3+ hydrogels immersed in a solution containing 4.76% Fe3+ was about 0.495 MPa. As
the concentration of the soaked Fe3+ solution continued to increase to 13.04%, the mechanical strength of the
PAM/SA-Fe3+ hydrogel was gradually improved and ﬁnally reached 0.820 MPa. It can be concluded from
this test that PAM/SA can absorb Fe3+ to form an effective double-crosslinked network structure system, and
the higher the Fe3+ concentration, the more obvious the double-crosslinked network structure is formed,
which leads to the enhanced mechanical properties.
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Figure 8: Stress-strain diagram of PAM/SA hydrogels with different SA content after Fe3+ adsorption
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Figure 9: Stress-strain diagram of PAM/SA hydrogels after adsorption of different concentrations of Fe3+
Fig. 10 shows the stress-strain diagram of PAM/SA hydrogel after Fe3+ adsorption under different
immersion times (SA content is 4.7%, CFe3+ = 9.09%). The PAM/SA hydrogel has different Fe3+
adsorption time, resulting in different mechanical properties of the hydrogel. The compressive strength of
the PAM/SA hydrogel with Fe3+ adsorbed for 1 h is 0.220 MPa. As the adsorption time increases, the
compressive strength of the PAM/SA hydrogel increases. After the PAM/SA hydrogel was immersed in
Fe3+ solution for 6 h, its strength can reach 0.706 MPa. It can be concluded that the introduction of Fe3+
can effectively improve the compression performance of the PAM/SA hydrogel. The longer the Fe3+
adsorption time, the more beneﬁcial to the formation of a double-crosslinked network structure and the
enhanced mechanical properties.
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Figure 10: Stress-strain diagram of PAM/SA hydrogel after Fe3+ adsorption under different immersion time
4 Conclusion
PAM/SA hydrogels with different SA contents were prepared by free radical polymerization. The
addition of SA improved the mechanical properties, swelling properties, and thermal stability of PAM
hydrogels. PAM/4.7%SA and PAM/10.3%SA hydrogels have a maximum adsorption capacity of
40.01 and 44.02 mg/g for methylene blue, which is higher than pure PAM hydrogel. This is mainly due
to the electrostatic interaction between the anionic carboxylate on the SA chain and the cationic dye
molecules. The PAM/SA hydrogel was immersed in Fe3+ solution, and the SA chains could be connected
to form a network structure through the coordination complexation between carboxylate and iron ions.
The effects of different SA content, different immersion time, and different Fe3+ solution concentration
on the compressibility of PAM/SA hydrogel were studied. The combination of SA networks formed after
immersion with the existing PAM network structure leads to forming a double cross-linked network
structure, which can improve the mechanical properties of the PAM hydrogel.
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