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Abstract: Novel hydrogel systems based on polyacrylamide/chitosan (PAAM/chitosan) or poly-
acrylic acid/alginate (PAA/alginate) were prepared, characterized, and applied to reduce the con-
centrations of dyes in water. These hydrogels were synthetized via a semi-interpenetrating polymer
network (semi-IPN) and then characterized by Fourier transformed infrared spectroscopy (FTIR)
and thermogravimetric analysis (TGA), and their swelling capacities in water were measured. In
the adsorption experiments, methylene blue (MB) was used as a cationic dye, and methyl orange
(MO) was used as an anionic dye. The study was carried out using a successive batch method
for the dye absorption process and an equilibrium system to investigate the adsorption of MO on
PAAM/chitosan hydrogels and MB on PAA/alginate in separate experiments. The results showed
that the target hydrogels were synthetized with high yield (more than 90%). The chemical structure
of the hydrogels was corroborated by FTIR, and their high thermal stability was verified by TGA.
The absorption of the MO dye was higher at pH 3.0 using PAAM/chitosan, and it had the ability to
remove 43% of MO within 10 min using 0.05 g of hydrogel. The presence of interfering salts resulted
in a 20–60% decrease in the absorption of MO. On the other hand, the absorption of the MB dye was
higher at pH 8.5 using PAA/alginate, and it had the ability to remove 96% of MB within 10 min using
0.05 g of hydrogel, and its removal capacity was stable for interfering salts.

Keywords: adsorption; alginate; chitosan; methylene blue; methyl orange; water treatment

1. Introduction

Chitosan is a positively charged polysaccharide and is frequently used as a sorbent
to remove methyl orange (MO) from aqueous solutions by adsorption. Combined exper-
iments have been conducted to study the effects of adsorption, and chitosan has proven
highly effective in the adsorption of anionic dyes, with a negative charge due to its positive
charge [1]. Chitosan and its derivatives have been widely used as sorbents for various types
of pollutants in water, where they can be used to obtain composite materials, nanocom-
posites, hydrogels, and membranes, and combined with natural elements such as clay,
saccharides, and as well synthetic polymers. These materials can be non-covalently as-
sembled depending on the hydrogen bonds, van der Waals, and π–π donor–acceptor, and
there are types like covalently crosslinked hydrogel materials and others such as hybrid
hydrogels [2,3]. In addition, chitosan can be added to inorganic materials such as zeolite to
form aerogels with adsorption performance for anionic and cationic dyes. The molecular
interaction between chitosan and the zeolite can produce a steric effect, and their morphol-
ogy implications might play a role in the aerogel and their active site, leading to better
adsorption [4].

Chitosan is a natural biopolymer processed from chitin. It has received considerable
attention because it is nontoxic, renewable, and biocompatible. However, it has some draw-
backs such as insufficient stability in an acidic environment, and its poor mechanical and
thermal strength, particle size, and surface area restrict its industrial use. To overcome these
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drawbacks and enhance its adsorption potential, chitosan is often physically and chemically
modified. For example, chitosan has been modified via a semi-interpenetrating polymer
network (semi-IPN) with synthetic polymers such as polyacrylamide (PAAM) [5,6]. Zhao
and his collaborators created semi-IPN hydrogels, which were prepared for dye uptake
studies by photopolymerization of poly(ethylene glycol) and acrylamide monomer in the
presence of chitosan down to a Qmax of 202.02 mg/g based on the Langmuir adsorption
model for MO dye [7]. In addition, Cheng Zhang and collaborators created polyacry-
lamide/chitosan (PAAm/CS) and Fe3O4 hydrogels, with N,N′-methylene bis-acrylamide
as a crosslinker, to adsorb methylene blue (MB). The results showed that the PAAm/CS
hydrogels and PAAm/CS/Fe3O4 hydrogels can both adsorb MB, but the presence of Fe3O4
increased the adsorption capacities to approximately 1603 mg/g [8]. Alginates are naturally
occurring polysaccharides that have many applications, including the removal of pollutants
from water. They contain linear structures and consist of two types of residues linked in a
1→4 manner. One of the monosaccharide residues is β-d-mannuronic acid (M), and the
other is a C-5 epimer, α-l-guluronic acid (G). Alginates contain carboxyl groups (protonated
or ionized), which provide ionic strength that helps remove contaminants [9]. Hence,
sodium alginate contains a large number of -COO- groups, and alginate hydrogels also act
as natural biodegradable absorbent materials for industrial wastewater treatment, espe-
cially for dye pollutants, and they can avoid secondary pollution or other environmental
issues [10]. Upon physical or chemical modification of gels, the technological properties
of the final product are largely subject to alginate variables such as chemical structure,
sequence, molecular weight, and molecular weight distribution. Important technological
properties are gel strength, porosity/diffusion, alginate distribution, swelling/shrinkage,
transparency, and alginate leaching from gels, all of which must be optimized for different
systems depending on their application [11]. Polysaccharides are among the materials that
reduce mechanical aging as it occurs at the lowest temperatures such as in the aging behav-
ior of elastomer under high temperatures and pressure, and thermal oxidation and thermo-
hydrolytic conditions can also cause a kind of resistance when adding polysaccharides
to the process of deformation in torsion by “zero-time” response and increase of the step
strain [12,13]. Maijan and collaborators created hydrogels that were developed on the basis
of natural rubber (NR). NR was concomitantly combined with the NR-graft-polyacrylamide
(NR-g-PAM) hydrogel to form a freely movable secondary polymer network via physical
chain crosslinking. A semi-IPN was formed, and 30NRgraft-polyacrylamide removed 90%
of MB from an aqueous solution in less than 24 h, with a maximum absorption capacity of
538.3 mg g/g [14]. Hosseinzadeh and collaborators created a new material prepared using
acrylic acid (AA) grafting on sodium alginate (NaAlg), with ammonium persulfate as a free
radical initiator and methylene bisacrylamide as a crosslinker, in the presence of SiO2-NP,
to absorb MB, revealing a capacity of 148.23 mg/g [15]. In this study, hydrogels were
prepared with PAAM/chitosan and PAA/alginate, and their ability to remove dyes from
water was determined through batch experiments. The swelling in water, FTIR spectra,
and TGA characterization, and the removal of dyes as a function of the biopolymer effect,
dose, pH, contact time, concentration of dyes, and salt concentration, were studied.

2. Materials and Methods

Chitosan (85% deacetylation) CAS: 9012.76.4 (Sigma-Aldrich, Darmstadt, Germany),
sodium alginate (90% carboxylation) CAS: 9005.38.3 Merck (Sigma-Aldrich, Shanghai, China),
acrylamide CAS: 76.06.1 (Sigma-Aldrich, Darmstadt, Germany), acrylic acid CAS: 79.10.7
(Sigma-Aldrich, Darmstadt, Germany), N,N-methylenebisacrylamide (MBA) CAS: 110.26.9
(Sigma-Aldrich, St. Louis, MO, USA), ammonium persulfate (APS) CAS: 7727.54.0 (Sigma-
Aldrich, Darmstadt, Germany), sodium hydroxide CAS: 1310-73-2 (Sigma-Aldrich, Darm-
stadt, Germany), lithium carbonate CAS: 554-13-2 (Sigma-Aldrich, Darmstadt, Germany),
lithium chloride CAS 7447-41-8 (Sigma-Aldrich, Darmstadt, Germany), calcium carbonate
Cas No: 471-34-1 (Sigma-Aldrich, Darmstadt, Germany), sodium chloride CAS 7647-14-5
(Sigma-Aldrich, Darmstadt, Germany), potassium chloride CAS 7447-40-7 (Sigma-Aldrich,
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Darmstadt, Germany), hydrochloric acid solution CAS No: 7647-01-0 (Sigma-Aldrich,
Darmstadt, Germany), methylene blue hydrate CAS: 122965-43-9 (Sigma-Aldrich, Darm-
stadt, Germany), and methyl orange CAS: 547-58-0 (Sigma-Aldrich, Darmstadt, Germany),
were all purchased from Merck Group Francisco de Paula 1981, Ñuñoa, (Merck S.A. Sigma–
Aldrich, Región Metropolitana, Chile).

2.1. Synthesis of Hydrogel via Semi-IPNs Using Free Radical Polymerization Reactions

The semi-IPNs of both PAA/alginate and PAAM/chitosan were both synthesized
from their monomers (see Figure 1) by free radical polymerization in a Schlenk tube reactor
in a silicon bath at 70 ◦C for 1 h using APS as the redox pair initiator and MBA as the
crosslinker [16].

Figure 1. Structures of the monomers and their specifications.

First, we added monomer powders while varying the amount of crosslinking agent
(0.25, 2.5, 10, 24, and 60%) and varying the biopolymer amounts to create different ratios
and concentrations of the prepared hydrogels, as shown in Figure 2 and Table 1.

After the preparation of the hydrogels, they were washed and stored under refriger-
ation and then lyophilized to remove unreacted monomers and preserve the constituent
charges of the hydrogel, after which dry xerogels were obtained.
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Figure 2. Synthetic scheme of hydrogels using biopolymers and monomers.

Table 1. Details of the amounts of reagents used in each synthesis and its yield (%). MBA was
0.3114 g, and PSA was 0.0116 g.

n◦ Tube Percentage
(%)

PAA (mL)
± 0.005 mL

Alginate (g) ±
0.005 g Yields (%)

1 0 1.370 (1.489 g) 0.000 94.3
2 3.8 1.370 (1.489 g) 0.071 96.6
3 7.3 1.370 (1.489 g) 0.142 97.1
4 12.3 1.370 (1.489 g) 0.284 98.6
5 24 1.370 (1.489 g) 0.569 94.4
6 40 1.370 (1.489 g) 1.208 91.3
7 55.66 1.370 (1.489 g) 2.274 95.4

n◦ Tube Percentage
(%)

PAAM (g)
± 0.005 g

Chitosan (g) ±
0.005 g Yields (%)

8 0 1.441 0.000 94.6
9 3.9 1.441 0.072 95.7
10 7.6 1.441 0.144 99.1
11 14 1.441 0.288 99.7
12 24 1.441 0.577 96.0
13 40 1.441 1.176 96.4
14 60 1.441 2.646 94.7

2.2. Characterization of the Hydrogel by Swelling Capacity, FTIR, and TGA

The dynamic swelling properties of the hydrogels were determined at different times,
and they were studied to determine their ability to absorb water and remain stable. The
swelling ratio (St) and the equilibrium swelling ratio (Se) were gravimetrically calculated
using Equations (1) and (2) [17].

Swelling ratio (St) =
Wt−Wi

Wi
(1)

Swelling (Se) =
We−Wi

Wi
(2)
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where Wi is the initial weight of a dry hydrogel sample, Wt is the weight of the inflated
sample at time t, and We is the weight at equilibrium when there is no further change in
weight with time (see Equations (1) and (2)) [18]. FTIR was performed using a Perkin-Elmer
FTIR Spectrum coupled to an ATR unit. The dry sample was directly placed over the
diamond, pressed up to 30% underpin pressure, and then analyzed via FT-IR scanning
in the range of 500 to 4000 cm−1 [19]. TGAs were conducted using the TG 209 F1 system
by IRIS, NETZSCH brand. The samples were placed inside a capsule made of aluminum
followed by a process of exposing them to heat, and the temperature was increased up to
500 ◦C in an inert atmosphere of nitrogen [20].

2.3. Removal of Dyes

The removal efficiency was calculated as follows:

Removal E f f iciency =
(C0 − Ct)

C0
× 100% (3)

Additionally, the adsorption capacity of dyes was calculated as shown below

qt =
(C0 − Ct) V

m
(4)

where C0 is the solution concentration at the initial time, Ct is the concentration at equilib-
rium (mg/L), m (g) is the mass of adsorbent, and V (mL) is the volume of the solution [21].
These equations were used to study the effect of parameters such as the biopolymer effect,
dose, pH, contact time, concentration of dyes, and interfering salt concentrations on dye
removal by the xerogels. Triplicate experiments were performed for all operating variables
studied, and results were reported as the mean values. It was found that the average
deviation of the results was low [22]. The batch dye removal experiment was carried out in
a centrifuge for 6–12 min at 9000 rpm for MB and 4000 rpm for MO, and absorption was
measured using a UV spectrophotometer UV–vis with a wavelength of 464 nm for MO and
a wavelength of 664 nm for MB. The dye removal efficiency was calculated as follows and
according to Equations (3) and (4) [23,24], where the variables were the value of the weight
of xerogels and biopolymer quantities to verify the best proportion of biopolymer. Where
the effect of the biopolymer amount was studied, an amount of 0.05 g was placed in sample
tubes that contained different biopolymer percentages (0, 3, 7, 12, 24, 60%), and the results
showed that 24% was the best amount to use for adsorption of the model dyes. A study
was conducted to determine the optimal pH by placing 0.05 g of gels and 10 mg/L of dyes
in 10 mL tubes into the shaker device for 90 min at 200 rpm, and then the measurement
was performed with UV equipment. Where the effect of pH was studied, methylene blue
dye was placed in different pH media (pH = 2, 6, 8, 8.5, 9, and 10), and a decimal study
was conducted from 8 to 9. Similarly, the effect of pH was studied for MO dye adsorption
at pH values of 2, 3, 4, 6, and 10, with a decimal study from 2 to 3.5. To study the effect
of the concentrations of dyes on their removal, the process was conducted as detailed in
the previous steps, but the pH was fixed and the concentrations were varied (10, 50, 100,
200, 300, 400, 500, 600, 800, 1000, 1300, and 1500 mg/L). In the case of MO, the maximum
concentration was 1000 mg/L. Dye adsorption was also studied via batch experiments at
different contact times; 10, 20, 30, 60, 90, 120, and 240 min experiments were carried out in
tubes at room temperature using an MB solution at a pH of 8.5 to study the effect of contact
time on MB adsorption on the biobased hydrogels. To study the effect of interfering salts
on dye removal, salts were added at 1:1, 1:2, and 1:3 dye:interfering ion molar ratios, and
the previous experimental procedures were applied at a concentration of 100 mg/L for MO
and 500 mg/L for MB.
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3. Results and Discussion
3.1. Swelling Capacity of Hydrogels in Water

The swelling of hydrogels is modulated by osmotic pressure, where large amounts
of water initially enter the hydrogel structure and form hydrogen bonds, and the gradual
diffusion of more water into the hydrogel network then leads to a difference in osmotic
pressure between the hydrogel system and the surrounding water, reducing the opposing
elastic contraction force [25]. Since the movement of mobile charges from the hydrogel
network is restricted to the surrounding water, when it reaches a state of equilibrium,
the osmotic pressure of the opposite force and the elastic contraction are equal, and no
new swelling occurs because the hydrogel network reaches an elongated formation [26].
The polymer network can retain water as the network crosslinking the polymeric chains
reaches the equilibrium stage by weakening the hydrogen bond interaction between the
hydrophilic groups. These groups increase the electrolyte concentration in the inner gel
network and enhance the osmotic pressure difference between the gel network and the
swelling media but also enhance the repulsion between the charged polymer chains. The
enhanced monomer concentration increases the diffusion of monomer molecules into
the hydrogel network and thus causes increased water absorption [27]. The swelling
of the hydrogels prepared with 24% biopolymer was higher than that of the blank (0%
biopolymer), and the results indicated that the water absorption capacity increased initially
with increasing ion concentration and then decreased (see Figure 3). Theoretically, with the
increase of molecular weight of chitosan or alginate after 20 min, its swelling value reaches
a higher limit due to the larger spacing between the cross-linkers and the resulting hydrogel
having a larger network size, so it reaches a higher swelling rate and retains water within
the network of gels without dissolving. The swelling gradually and progressively increased
in proportion to the percentage of the biopolymer. In the case of chitosan hydrogels, there
was an upwards increase, but the values were similar in gels containing low levels of
chitosan. The swelling was higher than 500% in the case of chitosan and 450% in the
case of alginate. The xerogels (dried gels) containing chitosan and polyacrylamide are
higher in swelling than the polymer, and the swelling percentage increases with increasing
chitosan concentration, which makes PAAM/chitosan have a 24% higher swelling rate than
PAA/alginate. These gels have better performance and higher swelling because the one that
contains chitosan contains more amine groups, which results in more hydrophilic groups,
such as OCOO and OCONH2, whereas PAA/alginate only contains OH and COOH groups
and only forms hydrogen bonds, resulting in less swelling than its counterpart [28–30]. The
initial increase in the swelling capacity values was due to the high degree of crosslinking in
the polymeric chains [31]. It showed a higher swelling ratio due to the relatively low degree
of cross-linking compared to other hybrid hydrogels, where hydrogen bonding between
the carboxylic acid and amide groups at lower pH values reduced the areas of the hydrogel
network and consequently resulted in lower swelling rates [32]. The PAA/alginate gel
has many hydroxyl (-OH) groups, and the COOH groups in its structure might lead to
hydrogen bonding interactions among these groups, which is caused by the repulsion of
those groups from each other. Then, these groups would expand the gel network [33]. On
the other hand, PAAM/chitosan hydrogels were significantly superior to PAA/alginate
hydrogels. This increase was associated with the presence of many hydrophilic groups,
such as amine groups, in PAAM composite gels [34].
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Figure 3. Swelling of (A) PAAM/chitosan and (B) PAA/alginate xerogels in water.

3.2. Characterization by FTIR

The spectra of PAAM/CH (0% to 24%) (see Figure 4) showed vibrations that rep-
resent the crosslinked polyacrylic amide, and the peaks appear at 2947 cm−1 (amide
1) and 1732 cm−1 due to C=O stretching vibrations and the range between 1000 and
1500 cm−1. These bands represent vibrations of C–H, C–CH, and N-H bending (1139, 1232,
and 1457 cm−1) [35]. The addition of chitosan imparts crosslinking and forms crosslinked
chitosan. The amino bonds disappear, the amide bonds are formed, and they appear in the
spectra. At the wavelength of 2952 cm−1, the amino bonds disappear, and when bonds are
formed, an amide is formed and vibration bands appear at 956 to 1756 cm−1 due to the
saccharide structure (due to O-H bending, C-O stretching, and C-N stretching).

The band appearing in the wavenumber field 2800–3500 cm−1 could be assigned to
the stretching vibration of O–H and the extension vibration of N–H and was caused by
the interhydrogen bonds of the absorption peaks at 1500 and 1700 cm−1 corresponding
to its carboxylic C=O stretching at 1657 cm−1, which was due to its protonated amine
(NH4+) groups [36,37]. Additionally, the FTIR spectrum showed additional bands of (N-H)
stretching at 1225 cm−1 (amide 1) and 1375 cm−1 (amide II). The combined band of O-H
and N-H of (amide I and amide II) stretching is seen at 2800 to 3800 cm−1, and the band at
3310 cm−1 is due to its hydroxyl (O-H) group [38].

The FTIR spectra of PAA/alginate presented in Figure 5 were analyzed by comparing
the difference between spectra obtained from samples with different amounts of algi-
nate [39]. When no sodium alginate is present and the hydrogel sample is only composed
of cross-linked PAA, the peaks representing cross-linked PAA are in the absorption range
of 1350 to 1850 cm−1. The range is 1700 cm−1, and the shoulders at 1710 and 1765 cm−1

are due to the vibration of the carboxylate expansion C=O. The bands with peak locations
at 1541, 1454, and 1378 cm−1 are the vibrations of COH bending of PAA. The range at
1700 cm−1 with shoulders at 1639 and 1705 cm−1 is attributed to the C=O expansion vi-
bration of carboxylic PAA, which is proportional to the PAA concentration, and hydrogen
bonds are the cause of the bulging in the peaks [40]. When the biopolymer concentrations
differ, we note that there are no absorption bands at 1706 cm−1 (asymmetric COO) and
1235 cm−1 (symmetric COO) changing at frequencies lower than 1750 and 1277 cm−1, and
we conclude that free radical polymerization does not affect the individual characteristics
of the polymer [41]. Furthermore, we observed that the absorption of the C-O-C group of
the anhydride appeared to be successful. There are other domains affected by anhydride
formation, and they can be assigned to C-O or O-H vibrations, sometimes coupled to C-H
oscillations, which are the causes of the hydrogen bonding causing the oscillations [42].
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The very strong characteristic band at 1706 cm−1 is due to stretching in the carboxylate
anion, which is confirmed by another sharp peak at 1172 cm−1, which is related to the
symmetric stretching mode of the carboxylate anion. The FTIR spectrum of the hydrogel
hybrid was also compared to the spectra of the partial hydrogel [43]. We observe that the
peaks presented in the figure are similar, while the appearance of a large amount of sodium
alginate and its high concentration leads to the appearance of three peaks that express the
formula of the functional group showing an absorption range of 1141 and 1268 cm−1 [44],
due to the extended vibration of the C-OH group and 1644 cm−1, corresponding to the
vibration of asymmetric expansion of its carboxylic group (COO). As the hydrogel creates a
layer, this layer covers and reduces the hydrogen bonds; that is, it becomes very soft due
to the OH and -COO- bonds [45]. We noticed the disappearance of the peak from 2310 to
3700 as the proportion of the biopolymer increased, which is evidence of the formation of
semi-IPN and the emergence of etheric bonds and the disappearance of OH groups.

Figure 4. FTIR spectra of PAAM/chitosan xerogels containing different amounts of chitosan.
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Figure 5. FT-IR spectra of PAA/alginate xerogels containing different amounts of alginate.

3.3. Characterization by TGA

Thermogravimetric analysis (TGA) was used to characterize the thermal stability
of the PAAM/chitosan and PAA/alginate hydrogels. The samples were studied in the
temperature range from 0 ◦C to 500 ◦C under nitrogen [46,47].

Figure 6A shows the TGA curves for PAAM. In the first region, occurring between
64 and 299 ◦C, weight is lost with temperature up to 100 ◦C due to evaporation of free
water and water bound via hydrogen bonds. The backbone of the polymer can be nonionic
(-OH, -O-, -NH2, -CONH-, and -CHO) or ionic (-COOH, -COONa, COONH4, etc.). At
121 ◦C, the slight weight loss of 11.2% was attributed to the decomposition of chitosan.
The degradation of the chitosan is caused by the degradation of the main chain followed
by non-isothermal kinetics, which contains hydrophilic function groups, from which the
elements of water are removed. The second zone starts at 300 ◦C and ends at 349 ◦C, with a
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maximum decomposition rate at 301 ◦C and a weight loss of 7.8%. Then, the third zone,
above 350 ◦C, has a maximum decomposition rate at 434 ◦C and a weight loss of 42.1%, with
a maximum decomposition rate at 456 ◦C and a weight loss of 46.43% by weight between
270 and 320 ◦C, and it lost approximately between 42.1 and 48.1% of its weight. The
observed behaviors can be attributed to the oxidative degradation of chitosan backbones at
different concentrations that are assigned to the heat decomposition of organic molecules.
This decomposition is associated with a complex process of drying the polysaccharide rings,
and depolymerization and decomposition of the acetylated and deacetylated chitosan units;
the fourth zone ranges from 436 ◦C to as much as 500 ◦C, resulting in decomposition and
ash [48–56].

Figure 6. Thermogravimetric analysis (TGA) of (A) PAAM/chitosan xerogels and (B) PAA/
alginate xerogels.

Figure 6B shows a weight loss of 2.5% in the first region (between 0–243 ◦C), with
a maximum decomposition rate of 111 ◦C, involving decomposition of the COOH and
OH groups as non-radical back biting ester interchange reaction for alginate involving the
-OH chain ends and release of water molecules for uptake and diffusion. We noticed that
when the temperature increases, these groups disintegrate and release water; therefore, we
noticed rapid displacement, disintegration, and thermal instability compared to chitosan
gels. The second region starts at 234 ◦C, reflecting thermal oxidative decomposition of
organic matter and acid liberation of acrylic groups, indicating decompression; it persists
up to 345.5 ◦C, with a weight loss of 15.5%, and the third region of 346 ◦C–358 ◦C can be
attributed to the degradation of the corresponding PAA anhydride. The fourth region is at
436 ◦C and could be due to thermal degradation of PAA, and the main weight loss occurs
in the temperature range of 400 ◦C to 450 ◦C. Overall, the PAA/alginate hydrogel exhibited
high thermal stability at various heating temperatures, with minimal weight loss [57–60].
The thermal stability of chitosan hydrogels is due to bonds formed between O-H, amide,
and C-N groups. It is known that this is a strong bond that provides stability towards
thermal fluctuations, and therefore chitosan gels have more stability due to the strength of
this bond. On the other hand, alginate hydrogels have thermal instability due to carboxylic
functional groups being easily converted to carbon dioxide and water, which causes rapid
thermal degradation; therefore, alginate gels are thermally unstable.
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3.4. Removal of Dyes
3.4.1. Effect of Biopolymer Percentage on Dye Removal

It was confirmed that increasing the amount of chitosan causes an increase in the
number of active sites, adds to the adsorption effectiveness, and increases the adsorption
value of MO at pH 3 (see Figure 7A), but to a certain extent, acrylamide imparts stability
properties to the sample and causes an increase in stability against the dye. The results
show an increase in dye adsorption using hydrogels with 24% biopolymer. Additionally,
we note that percentages such as 60% have the same absorption value as hydrogels with
24% biopolymer [61].

Figure 7. (A) Study of the chitosan percentage effect on PAAM/chitosan xerogels adsorbing MO
(10 mg/L) at pH 3; (B) study of the alginate percentage effect on PAA/alginate xerogels adsorbing
MB (10 mg/L) at pH 8.5.

The adsorption of MB on xerogels was studied by varying the alginate percentage at
an MB concentration of 10 mg/L and a pH of 8.5 (see Figure 7B). According to Figure 7B,
we note that the value of the dye removal increases with the increase in the organic polymer
because it is an organic polymer with reactive hydrogens on its chains, usually closely
related to electrostatic attraction and hydrogen bonds, according to previous studies. In
addition, the alginates form COO- groups, which greatly enhance the electrostatic attraction
between the alginate compounds and the dye molecules [62,63].

3.4.2. Effect of the Amount of Adsorbent on Dye Removal

Figure 8 shows that during the use of 0.0125 g of hydrogel; the value q (mg/g) was
low and did not enable one to remove dyes at high concentrations, as was the case with
0.0250 g of hydrogel. However, when using 0.05 g of hydrogel, the q value increased, and it
became relatively high. Additionally, it maintained a stable q (mg/g) value, and there was
no increase between 0.01 g and 0.015 g of gel. In the case of chitosan gels removing MO (see
Figure 8A), we noted that when the weight increases, it reaches a stable state at 0.05 g of
gel. This is the most suitable weight for a volume of 10 mL and has an effective absorption
capacity of 66%. There is a proportional relationship between the amount of chitosan
and absorption, and increasing amounts of chitosan results in an increase in electrostatic
bonding, which increases the absorption of dyes. This can be attributed to the increased
adsorption surface area and availability of more adsorption sites because the carboxylic
group of acrylic acid and sodium alginate have the capacity to adsorb cationic dyes [64,65].
As these saccharides have high abundance and come from natural sources with good
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adsorption characteristics, they can be used with industrial polymers such as acrylic acid.
Such combinations of alginates and industrial polymers can be used to adsorb cationic dyes
that carry a positive charge at an optimum amount of 0.05 g, as shown in Figure 8B. We
noticed that there is no increase in absorption above this amount; it is the most appropriate
weight for a volume of 20 mL, and it has a capacity of 96% effective absorption. We noted
that when the percentage of alginates increases, the absorption increases, and there is an
increase in electrostatic bonding, which increases the adsorption of these dyes [66–68].

Figure 8. Effect of quantities of xerogels dose (in grams) (A) PAAM/chitosan 24% for MO (10 mg/L)
removal in pH 3 and (B) PAA/alginate 24% for MB (10 mg/L) removal in pH 8.5.

3.4.3. Effect of pH on Dye Removal

The effect of solution pH on adsorption of MO dye on chitosan gels was initially
studied in the pH range of 2.0–10.0. Figure 9 shows the effect of pH on adsorption efficiency.
Chitosan has a positive charge, providing it with high potential for adsorption of MO
dye. Where the pH was low, the adsorption efficiency was high as the charged state of
the MO dye was affected by the pH of the solution. At low pH values, the solution causes
electrostatic attraction between MO and chitosan, and the absorption increases [69]. Positive
charge predominates on the surface (i.e., -OH2

+, and -NH3
+). In contrast, the presence of

“NH2” (i.e., electron-donating functional groups) on the surface of chitosan is a contributor
to the adsorption of MO (see Figure 9A). The adsorption efficiency of MO (pKa = 3.46)
at pH = 3.0 is attributed to the strong electrostatic forces between the positively charged
sites (functional groups) of the PAAM/chitosan hydrogel and the negatively charged
anionic MO. Another factor in the absorption of MO at pH 3.0 is hydrogen bonding. The
adsorption of MO was lower at basic pH due to the lower positive charge, which causes
MO functional groups to be associated with different interactions, such as n–π interactions,
in MO adsorption [70–72]. The main mechanism explaining the absorption of MO is
electrostatic interactions. When the absorbent material has a positive charge, as chitosan
does, an acidic solution that contains a large positive charge leads to the attraction of the
negative molecules of MO dye. The hydrogen atoms can form bonds between the sorbent
molecule and the dye, where the highest degree of absorption was obtained at low pH,
which leads to electrostatic attractions due to the positive charge due to chitosan amine
groups being transformed by protonation at low pH. Because acidic media contributed
to the positive charge on chitosan, a pH of 3.0 was chosen for batch studies [73–75]. The
results show that the equilibrium adsorption capacity as a function of pH expresses an
important basic factor in the adsorption of the dye [76–81]. On the other hand, there is
an electrostatic repulsion between similar ionic charges, i.e., diffusion of H+ in the acidic
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medium and MB cations, so low pH hinders the adsorption of MB due to the filling of the
MB cations. The cationic dye (MB) competes for adsorption sites due to the large number
of H + ions in the solution where the number of positively charged sites decreases with
the increase in pH, the negatively charged OH- ion levels rise (due to deprotonation), the
adsorption of these positively charged dyes increases, and the removal efficiency (MB)
improves. This is due to the presence of carboxyl (COO) and hydroxyl (OH) groups in the
negatively charged alginate gels in the solution where the surface of the adsorbent becomes
more negatively charged, thus enabling the removal of MB [82–84] (see Figure 9B).

Figure 9. Effect of pH on the adsorption capacity. (A) Xerogel PAAM/chitosan (0.05 g) adsorbing
MO (10 mg/L). (B) Xerogel PAA/Alginate (0.05 g) adsorbing MB (10 mg/L).

3.4.4. Effect of Contact Time

The removal of MO dye on chitosan-based hydrogels was studied (see Figure 10A). The
role of MO dye uptake as a function of contact time was studied in samples of chitosan gels
from 10–240 min. The initial absorption of MO dye was high due to the presence of more
functional sites available on the surface, and it reached equilibrium in 10 min. It remained
constant after that, and it can be explained that MO dyes are saturated periodically due
to electrostatic bonding, and the adsorption capacity increases up to 10 min Q10 min
(13.3, 49.5 mg/g) for MO. After equilibrium is reached, and with any increase in time, the
absorption value is a constant value and is in equilibrium because the state of dynamic
equilibrium has reached Q24 h (14, 54.3 mg/g) for MO [85,86]. Figure 10B shows that
alginates have a great ability to absorb MB dye because the alginate gel is a very fast
absorbent for this dye. It absorbs them effectively within 10 min, which is considered a
fast time because, after 10 min, the process is stable Q10 min (1.8, 19.3, and 105 mg/g) for
MB and reaches equilibrium, and there is no increase in absorption Q24 h (1.9, 19.5, and
107 mg/g) for MB. This is attributed to the abundance of unoccupied sites on the surface
of the adsorbent that are accessible for rapid adhesion of MB dye molecules, which may
explain the rapid adsorption during the initial contact time [87], where a phase transition
occurs, during which the dye molecules occupy empty active sites on the surface of the
adsorbent, slowing down adsorption and leading to a repulsive force between the adsorbent
on the adsorbent surface and the bulk phase in solution [88]. After a reaction time of 10 min,
little change in dye removal was observed, and the removal percentage remained at 90%.
Then, the dye was removed from the absorbent and remained stable, with little change
with increasing time [89].
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Figure 10. The effect of interaction time on the adsorption capacity using different dye concentra-
tions. (A) Adsorption time of PAAM/chitosan (0.05 g) adsorbing MO (100, 500 mg/L) at pH = 3.
(B) Adsorption time of PAA/Alginate (0.05 g) adsorbing MB (10,100, and 500 mg/L) at pH = 8.5.

3.4.5. Effect of Initial Dye Concentration

MO removal increased when the amount of chitosan was increased from 0% to 24%
(see Figure 11A). The increase in the removal percentage was probably due to the increase
in the available adsorption surface and the availability of more adsorption sites due to the
functional groups of chitosan. It reached a certain limit, and any further increase in MO
concentration did not increase the absorption [90].

Figure 11. Effect of initial concentration on the adsorption capacity. (A) Adsorption capacity of
PAAM/chitosan adsorbing MO at pH = 3. (B) Adsorption capacity of PAA/Alginate adsorbing MB
at pH = 8.5.

This may be because the initial MO concentrations provide great strength to overcome
all the mass transfer resistance of the dye between the aqueous phase and the solid phase
and then reach an equilibrium. It can be confirmed that all the active adsorption sites
become saturated after the MO concentrations (10, 50, 100, 200, 300, 400, 500, 800, and
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1000 mg/L), reaching Q values (2.5, 9.8, 18.1, 38.5, 49.7, 64, 73, 79, and 81 mg/g) for 0.05 g
of PAAM/chitosan 24% at pH 3.0. The absorption of MO in 24% chitosan gels is higher than
that of 0% chitosan gels because the surface area and pore volume of the former are higher
than those of the latter, and due to the presence of functional groups [91]. The adsorption
of MB on xerogels at different concentrations was studied by varying the MB concentration.
When the dye concentrations increased, the absorption increased in the dried xerogel that
contained alginate (see Figure 11B) [92].

3.4.6. Effect of Interfering Salts

To study the effect of interfering species on dye removal, the following salts were
added: LiCl, CaCO3, LiCO3, NaCl, and KCl. For MB adsorption, the solution pH was 8.5,
and Ca2+, Li+, Na +, and K+ ions were present in the aqueous solution. The MB absorption
percentage decreased due to competition with these positively charged ions. Sodium ions
are much smaller than K+ ions, and the decrease in dye adsorption is more significant in the
presence of Na+ than K+. Ca2+ ions compete for positions on functional groups that contain
a negative charge, so they block sites due to their active size [93]. Lithium exhibits different
behavior because of its small size. The MO dye is different because it is in an acidic medium
with a pH of 3.0, where the ions dissociate into Cl− and CO3

2− and compete for the positive
sites on the functional groups of chitosan gels, and the dye absorption decreases due to this
competition. It is possible to form salts with MO and cause its precipitation, and we noticed
an increase in absorption due to the precipitation of dyes [94]. The effects of ionic strength
possess some importance when studying dye adsorption on NaCl and CaCl2 adsorbents.
It was observed that the increase in salt concentration led to a decrease in the adsorption
of MO and MB dyes on the gels and a decrease in the efficiency. This trend indicates the
competitive effect between salt ions and cations at the sites available for the adsorption
process. With increasing salt concentration, the amount of MO absorbed on the gels (qe)
decreased from 18.3 to 14.7, 9.61, 15, 7.68, and 11.8 mg/g for LiCl, Li2CO3, CaCO3, NaCl,
and KCl, respectively (see Figure 12A), and the amount of MB absorbed on the gels (qe)
decreased from 104 to 99.66, 90.3, 90.54, 95.86, and 98.2 mg/g for LiCl, Li2CO3, CaCO3,
NaCl, and KCl, respectively (see Figure 12B).

With the increase in salt concentration from 1:1 mol to 1:2 mol, the amount of MO
absorbed on the gels (qe) decreased to 2.23, 4.63, 9.61, 11.8, and 11.23 mg/g for LiCl,
Li2CO3, CaCO3, NaCl, and KCl, respectively, and the amount of MB absorbed on the gels
(qe) decreased from 94.17, 92.7, 93.62, 94.13, and 100.16 mg/g for LiCl, Li2CO3, CaCO3,
NaCl, and KCl, respectively. While it decreased with increasing salt concentration from
1:2 mol to 1:3 mol, the amount of MO absorbed on the gels (qe) decreased to 1.82, 1.65,
3.35, 11.77, and 11.11 mg/g for LiCl, Li2CO3, CaCO3, NaCl, and KCl, respectively, and
the amount of MB absorbed on the gels (qe) decreased from 97.4, 92.67, 88.85, 100.60, and
100.83 mg/g for LiCl, Li2CO3, CaCO3, NaCl, and KCl, respectively. One reason for this is
that as the ionic strength increases, MB and MO adsorption sites decrease, and thus the MB
adsorption capacity decreases. Since Ca2+ makes a greater contribution to ionic strength
and has more positive charge than Na+, the effect of Ca2+ on adsorption is stronger than
that of Na+ [95–98]. The effect of salt on reducing the adsorption capacity appeared to
be due to both the steric hindrance effect and the obstruction of aggregation of particles
exerted by the salts, which prevented the formation of adsorption layers and reduced
their overall adsorption capacity [98]. The ionic strength present in the solution affected
the adsorption of MO or MB on the gels. It was observed that the increase in the salt
concentration led to an increase in the absorption and removal efficiency ratio due to the
effects of ionic strength or pigment deposition in some cases, as in the case of NaCl with
MO pigment with PAAM/CH 0% (see Figure 12C,D) [99–101].
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Figure 12. Effect of interfering ions on dye removal for the following salts: LiCl, Li2CO3, CaCO3,
NaCl, and KCl, using 1/1, 1/2, and 1/3 molar ratios with dyes. (A) Adsorption removal efficiency
for PAAM/chitosan 24% xerogel (0.05 g) with MO (100 mg/L) at pH 3.0. (B) Adsorption removal
efficiency for PAA/Alginate 24% xerogel (0.05 g) with MB (500 mg/L in pH 8.5). (C) Adsorption
removal efficiency for PAAM/chitosan 0% xerogel (0.05 g) in the presence of salts with MO (100 mg/L)
at pH 3. (D) Adsorption removal efficiency for PAA/Alginate 0% xerogel (0.05 g) in the presence of
salts with MB (500 mg/L) at pH 8.5.

3.5. Advantage and Disadvantage

Hydrogels have been used for the absorption process; every process has obstacles
that stand in its way; and there are benefits resulting from its use, including the fact that
high capacity can be applied to many pollutants. Moreover, the fast kinetic development
degradation of huge amount of contamination of water bodies are effective and reliable for
dye removal, see Table 2 [102,103].

In particular, adsorption technologies are often identified as some of the most promi-
nent strategies, with practical advantages and economical properties for treating water
contaminated with dye. They are considered as important hydrophilic materials for adsorp-
tion. Chitosan and alginate gels are suitable, unconventional, low-cost materials. These
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dye-absorbent absorbents are effective for removing a wide range of type of dyes of differ-
ent charges or other contaminants, are of high capacity and rate of absorption, contain high
selectivity for different concentrations, and are capable of a wide range of wastewater pa-
rameters [104,105]. Of course, they have disadvantages such as weak mechanical strength
and poor absorption at different pH levels [106].

However, chitosan and alginates enhance adsorption efficiency, an effective strategy
to prepare polysaccharide-based hydrogels for water treatment, and this addition process
provides the network structure of the hydrogels with more sites for the binding of pollutants.
Moreover, its use has the advantages of high absorption, efficiency, low cost, easy recovery,
and low cost, compared to traditional materials and other methods [107,108].

Table 2. Advantages and disadvantages of using adsorption for hydrogels based on chitosan or alginate.

Advantage Reference Disadvantage Reference

Lower toxicity [103] Complicated and
difficult to handle [103,104]

Biocompatible [103] Non-adherent [103]

Biodegradable [105] Low mechanical and
physical strength [103]

High absorption capacity [102] High rate of
degradation [104]

High durability [107] Limited versatility [105]
Stability [106]

Environmentally friendly [108]
Thermal conductivity [107]

Economic [104]

After considering the disadvantages and advantages, it can be compared with many
similar materials, and we find that we obtain a satisfactory result and a material that
absorbs dyes and different charged materials found in liquid media or waste water since
the molecular structure of biopolymers helps in the absorption process [109]. It can be used
not only for absorption but also for changing the structure of materials, which helps for use
in other mechanical removal processes such as with polyelectrolytes in ultrafiltration for
dye-removal process from water [110]. In addition, it can be added to several materials as a
function of membranes with ion-exchange polymers [111]. This material can participate
in several interactions such as the exchange of electrons and π–π, hydrogen bonds, and
hydrophobic interactions, and adsorption is the most efficient method (see Table 3) [112] as
the hydrogels that have comonomers show a higher density of functional ligands for units
to obtain high dye-adsorption capacities that might be changed by different pH levels [113].

Table 3. Chitosan and alginate hydrogels adsorption table.

Material Dye Concentration
(mg/L) q (mg/g) pH R (%) Reference

Chitosan microspheres MO 40 207 3 88 [114]
Chitosan/graphene oxide MO 800 687 8.45 - [115]
Chitosan/montmorillonite MO 40 545 3 - [116]
Chitosan/ carboxymethyl

cellulose—GO MO 50 405 3 82 [117]

Chitosan/PAAM MO 10–1000 62.5 3 75 This study
Alginate/GO-

montmorillonite MB 30–200 150.66 5.99 97 [118]

Alginate/polyethyleneimine MB 100 400 5.5 99 [119]
Alginate/PAA—ZNO MB 40 1529.6 6 99 [120]

Alginate/PAA MB 40 1129 6 - [120]
Alginate/polyaspartate MB 10 4.85 - - [121]

Alginate/PAA MB 10–1500 120 8.5 98 This study
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4. Conclusions

Hydrogels were successfully manufactured using polymers and polysaccharides with
high efficiency in removing organic pollutants such as anionic and cationic dyes. The hy-
drogels were characterized by FTIR spectroscopy, TGA, and their water swelling properties
to determine their chemical structure, thermal stability, and water uptake and stability.
Using these hydrogels as biobased sorbents to remove dyes from aqueous solution, it was
shown that during MB absorption, the best pH was 8.5, with a biomass dosage of up to
0.05 g for an initial dye concentration of 10 mg/L and an absorption time of 10 min using
hydrogels with 24% alginate biopolymer content. Using different concentrations up to
1500 mg/L, the absorption efficiency was high, up to 98%. For MO absorption, the best
pH was 3.0 using a biomass dosage of up to 0.05 g for an initial dye concentration of
10 mg/L and an absorption time of 10 min. Using 24% hydrogels, chitosan biopolymer,
and different concentrations up to 1000 mg/L, the absorption efficiency was as high as
43%. Furthermore, the dye adsorption capacity increased with increasing initial dye con-
centrations from 10 mg/L to 1500 mg/L for MB and 10 mg/L to 1000 mg/L for MO, and
the adsorption capacity decreased for the adsorption of MO with increasing amounts of
salts (LiCl, Li2CO3, CaCO3, NaCl, and KCl) but was stable for MB under the same ideal
experimental conditions. The study showed that salts of NaCl, KCl, CaCO3, Li2CO3, and
LiCl had an effect on the adsorption of MB and MO dyes, and the decrease was due to
the competitive effect between MB or MO dyes with salts on the adsorption site. It was
observed that adsorption capacity can remain stable and not affected by salts for the MB
dye, where the decrease was only 2–10%, but salts can compete with the absorption of MO
dye. In the case of MO adsorption, the decrease was sharp, reaching 20–60%.

This work promotes further development in the design of composite hydrogels with
high absorption capacity, high stability, environmental friendliness, and their applications
in polluted water treatment.
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32. Ekici, S.; Işıkver, Y.; Saraydın, D. Poly (acrylamide-sepiolite) composite hydrogels: Preparation, swelling and dye adsorption
properties. Polym. Bull. 2006, 57, 231–241. [CrossRef]

33. Li, Z.; Lin, Z. Recent advances in polysaccharide-based hydrogels for synthesis and applications. Aggregate 2021, 2, e21. [CrossRef]
34. Mahdavinia, G.R.; Pourjavadi, A.; Zohuriaan-Mehr, M.J. A convenient one-step preparation of chitosan-poly (sodium acrylate-co-

acrylamide) hydrogel hybrids with super-swelling properties. J. Appl. Polym. Sci. 2006, 99, 1615–1619. [CrossRef]
35. Zieba-Palus, J. The usefulness of infrared spectroscopy in examinations of adhesive tapes for forensic purposes. Forensic Sci.

Criminol. 2017, 2, 1–9. [CrossRef]

http://doi.org/10.1016/j.jenvman.2021.113850
http://doi.org/10.1016/j.compositesb.2012.01.015
http://doi.org/10.1016/j.carbpol.2020.115882
http://www.ncbi.nlm.nih.gov/pubmed/32070505
http://doi.org/10.1016/j.seppur.2021.119547
http://doi.org/10.1016/j.foodhyd.2017.08.031
http://doi.org/10.1021/acs.macromol.9b01953
http://doi.org/10.1016/j.polymdegradstab.2017.09.010
http://doi.org/10.1016/j.polymdegradstab.2021.109499
http://doi.org/10.1007/s10904-017-0625-6
http://doi.org/10.1016/j.jaap.2016.03.014
http://doi.org/10.1007/s10965-007-9159-x
http://doi.org/10.1515/polyeng-2020-0220
http://doi.org/10.1016/j.seppur.2022.120715
http://doi.org/10.1016/j.eti.2021.102104
http://doi.org/10.4067/S0717-97072010000300006
http://doi.org/10.1007/s00769-008-0390-x
http://doi.org/10.1016/S0141-8130(97)00040-8
http://doi.org/10.1021/ie200713y
http://doi.org/10.1007/s00289-018-2287-0
http://doi.org/10.1016/0144-8617(87)90041-5
http://doi.org/10.1016/j.mex.2019.100779
http://www.ncbi.nlm.nih.gov/pubmed/31993340
http://doi.org/10.1021/bm801197m
http://doi.org/10.1016/j.jiec.2014.06.029
http://doi.org/10.1007/s00289-006-0552-0
http://doi.org/10.1002/agt2.21
http://doi.org/10.1002/app.22521
http://doi.org/10.15761/FSC.1000112


Polymers 2022, 14, 1498 20 of 23

36. Yasmeen, S.; Kabiraz, M.K.; Saha, B.; Qadir, M.R.; Gafur, M.A.; Masum, S.M. Chromium (VI) ions removal from tannery effluent
using chitosan-microcrystalline cellulose composite as adsorbent. Int. Res. J. Pure Appl. Chem. 2016, 10, 1–14. [CrossRef]

37. Islam, S.; Arnold, L.; Padhye, R. Comparison and characterisation of regenerated chitosan from 1-butyl-3-methylimidazolium
chloride and chitosan from crab shells. BioMed Res. Int. 2015, 2015, 874316. [CrossRef] [PubMed]

38. Sadat, A.; Joye, I.J. Peak fitting applied to Fourier transform infrared and Raman spectroscopic analysis of proteins. Appl. Sci.
2020, 10, 5918. [CrossRef]

39. Makhado, E.; Hato, M.J. Preparation and Characterization of Sodium Alginate-Based Oxidized Multi-Walled Carbon Nanotubes
Hydrogel Nanocomposite and its Adsorption Behaviour for Methylene Blue Dye. Front. Chem. 2021, 9, 576913. [CrossRef]

40. Deepa, G.; Thulasidasan, A.K.T.; Anto, R.J.; Pillai, J.J.; Kumar, G.V. Cross-linked acrylic hydrogel for the controlled delivery of
hydrophobic drugs in cancer therapy. Int. J. Nanomed. 2012, 7, 4077.

41. Pooley, S.A.; Rivas, B.L.; Lillo, F.E.; Pizarro, G.D.C. Hydrogels from acrylic acid with N, N-dimethylacrylamide: Synthesis,
characterization, and water absorption properties. J. Chil. Chem. Soc. 2010, 55, 19–24. [CrossRef]

42. Hadjiivanov, K.I.; Panayotov, D.A.; Mihaylov, M.Y.; Ivanova, E.Z.; Chakarova, K.K.; Andonova, S.M.; Drenchev, N.L. Power
of infrared and raman spectroscopies to characterize metal-organic frameworks and investigate their interaction with guest
molecules. Chem. Rev. 2020, 121, 1286–1424. [CrossRef] [PubMed]

43. Suneetha, R.B. Spectral, thermal and morphological characterization of biodegradable graphene oxide-chitosan nanocomposites.
J. Nanosci. Technol. 2018, 4, 342–344. [CrossRef]

44. Rabelo, R.S.; Tavares, G.M.; Prata, A.S.; Hubinger, M.D. Complexation of chitosan with gum Arabic, sodium alginate and
κ-carrageenan: Effects of pH, polymer ratio and salt concentration. Carbohydr. Polym. 2019, 223, 115120. [CrossRef]

45. Hirashima, Y.; Sato, H.; Suzuki, A. ATR-FTIR spectroscopic study on hydrogen bonding of poly (N-isopropylacrylamide-co-
sodium acrylate) gel. Macromolecules 2005, 38, 9280–9286. [CrossRef]

46. Alves, T.V.G.; Tavares, E.J.M.; Aouada, F.A.; Negrao, C.A.B.; Oliveira, M.E.C.; Duarte Júnior, A.P.; Ferreira da Costa, C.E.; Silva
Júnior, J.O.C.; Ribeiro Costa, R.M. Thermal analysis characterization of PAAm-co-MC hydrogels. J. Therm. Anal. Calorim. 2011,
106, 717–724. [CrossRef]

47. Huamani-Palomino, R.G.; Jacinto, C.R.; Alarcón, H.; Mejía, I.M.; López, R.C.; de Oliveira Silva, D.; Cavalheiro, E.T.; Venâncio, T.;
Dávalos, J.Z.; Valderrama, A.C. Chemical modification of alginate with cysteine and its application for the removal of Pb (II) from
aqueous solutions. Int. J. Biol. Macromol. 2019, 129, 1056–1068. [CrossRef] [PubMed]

48. Tamer, T.M.; Omer, A.M.; Hassan, M.A.; Hassan, M.E.; Sabet, M.M.; Eldin, M.M. Development of thermo-sensitive poly
N-isopropyl acrylamide grafted chitosan derivatives. J. Appl. Pharm. Sci. 2015, 5, 1–6.

49. Georgieva, V.; Zvezdova, D.; Vlaev, L. Non-isothermal kinetics of thermal degradation of chitosan. Chem. Cent. J. 2012, 6, 1–10.
[CrossRef]

50. Ali, G.W.; El-Hotaby, W.; Hemdan, B.; Abdel-Fattah, W.I. Thermosensitive chitosan/phosphate hydrogel-composites fortified
with Ag versus Ag@ Pd for biomedical applications. Life Sci. 2018, 194, 185–195. [CrossRef]

51. El-hafian, E.A.; Elgannoudi, E.S.; Mainal, A.; Yahaya, A.H.B. Characterization of chitosan in acetic acid: Rheological and thermal
studies. Turk. J. Chem. 2010, 34, 47–56.

52. Dastan, S.; Hassnajili, S.; Abdollahi, E. Hydrophobically associating terpolymers of acrylamide, alkyl acrylamide, and methacrylic
acid as EOR thickeners. J. Polym. Res. 2016, 23, 1–18. [CrossRef]

53. Ganesh, B.; Kalpana, D.; Renganathan, N.G. Acrylamide based proton conducting polymer gel electrolyte for electric double
layer capacitors. Ionics 2008, 14, 339–343. [CrossRef]

54. Kumar, S.; Koh, J. Physiochemical, optical and biological activity of chitosan-chromone derivative for biomedical applications.
Int. J. Mol. Sci. 2012, 13, 6102–6116. [CrossRef]

55. Bhuiyan, M.A.Q.; Rahman, M.S.; Rahaman, M.S.; Shajahan, M.; Dafader, N.C. Improvement of swelling behaviour of poly (vinyl
pyrrolidone) and acrylic acid blend hydrogel prepared by the application of gamma radiation. Org. Chem. Curr. Res. 2015, 4, 2161.

56. Neto, C.D.T.; Giacometti, J.A.; Job, A.E.; Ferreira, F.C.; Fonseca, J.L.C.; Pereira, M.R. Thermal analysis of chitosan based networks.
Carbohydr. Polym. 2005, 62, 97–103. [CrossRef]

57. Carneiro-da-Cunha, M.G.; Cerqueira, M.A.; Souza, B.W.; Carvalho, S.; Quintas, M.A.; Teixeira, J.A.; Vicente, A.A. Physical and
thermal properties of a chitosan/alginate nanolayered PET film. Carbohydr. Polym. 2010, 82, 153–159. [CrossRef]

58. Niaounakis, M. Biopolymers: Reuse, Recycling and Disposal; William Andrew: Norwich, NY, USA, 2013.
59. Dubinsky, S.; Grader, G.S.; Shter, G.E.; Silverstein, M.S. Thermal degradation of poly (acrylic acid) containing copper nitrate.

Polym. Degrad. Stab. 2004, 86, 171–178. [CrossRef]
60. Mandal, B.; Ray, S.K. Synthesis, characterization, swelling and dye adsorption properties of starch incorporated acrylic gels. Int. J.

Biol. Macromol. 2015, 81, 847–857. [CrossRef]
61. Zhu, H.Y.; Jiang, R.; Fu, Y.Q.; Jiang, J.H.; Xiao, L.; Zeng, G.M. Preparation, characterization and dye adsorption properties of

γ-Fe2O3/SiO2/chitosan composite. Appl. Surf. Sci. 2011, 258, 1337–1344. [CrossRef]
62. Wang, M.; Li, Y.; Cui, M.; Li, M.; Xu, W.; Li, L.; Sun, Y.; Chen, B.; Chen, K.; Zhang, Y. Barium alginate as a skeleton coating

graphene oxide and bentonite-derived composites: Excellent adsorbent based on predictive design for the enhanced adsorption
of methylene blue. J. Colloid Interface Sci. 2021, 611, 629–643. [CrossRef]

63. Senthilkumaar, S.; Varadarajan, P.R.; Porkodi, K.; Subbhuraam, C.V. Adsorption of methylene blue onto jute fiber carbon: Kinetics
and equilibrium studies. J. Colloid Interface Sci. 2005, 284, 78–82. [CrossRef]

http://doi.org/10.9734/IRJPAC/2016/23315
http://doi.org/10.1155/2015/874316
http://www.ncbi.nlm.nih.gov/pubmed/26090452
http://doi.org/10.3390/app10175918
http://doi.org/10.3389/fchem.2021.576913
http://doi.org/10.4067/S0717-97072010000100006
http://doi.org/10.1021/acs.chemrev.0c00487
http://www.ncbi.nlm.nih.gov/pubmed/33315388
http://doi.org/10.30799/jnst.sp208.18040201
http://doi.org/10.1016/j.carbpol.2019.115120
http://doi.org/10.1021/ma051081s
http://doi.org/10.1007/s10973-011-1572-z
http://doi.org/10.1016/j.ijbiomac.2018.09.096
http://www.ncbi.nlm.nih.gov/pubmed/30240714
http://doi.org/10.1186/1752-153X-6-81
http://doi.org/10.1016/j.lfs.2017.12.021
http://doi.org/10.1007/s10965-016-1058-6
http://doi.org/10.1007/s11581-008-0230-3
http://doi.org/10.3390/ijms13056102
http://doi.org/10.1016/j.carbpol.2005.02.022
http://doi.org/10.1016/j.carbpol.2010.04.043
http://doi.org/10.1016/j.polymdegradstab.2004.04.009
http://doi.org/10.1016/j.ijbiomac.2015.08.050
http://doi.org/10.1016/j.apsusc.2011.09.045
http://doi.org/10.1016/j.jcis.2021.12.115
http://doi.org/10.1016/j.jcis.2004.09.027


Polymers 2022, 14, 1498 21 of 23

64. Ali, M.; Gherissi, A. Synthesis and characterization of the composite material PVA/chitosan/5% sorbitol with different ratio of
chitosan. Int. J. Mech. Mechatron. Eng. 2017, 17, 15–28.
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