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Dyes are one of the most hazardous chemicals causing significant environmental pollution
and affecting water quality. Majority of the existing methods for dye removal and
degradation involve synthetic membranes and use of hazardous chemicals, further
resulting in secondary pollution. The present study reports polysaccharide based novel
composite hydrogel as biodegradable matrix for pH-responsive selective adsorption of
cationic/anionic dyes. This membrane showed pH-responsive adsorption of methyl green
(MG) andmethyl orange (MO) with similar adsorption equilibrium, i.e., 315 and 276mg g−1,
respectively. Interestingly, selective adsorption at different pH has allowed separation of
dye mixtures that holds incredible industrial importance for dyes recovery. The hydrogel
matrix was able to completely separate MG, a model cationic dye at neutral pH from the
dye mixture whereas, it was possible to remove 60% MO, a model anionic dye at acidic
pH. Furthermore, comprehensive isothermal and kinetic studies of adsorption revealed
that Freundlich isotherm describing the multilayer coverage and pseudo-second-order
kinetics were followed. Thermodynamic studies indicated that the adsorption process was
spontaneous and endothermic. In fact, the membrane was reusable for at least ten cycles
and exhibited desorption efficiency of 80 and 60% for MO and MG, respectively, which
may be further recycled to make the process environmentally sustainable. Overall, this
study proposes an inexpensive, simple, biologically safe, and efficient adsorbent material
for dye effluent treatment.
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INTRODUCTION

In recent years, waterbody safety issues have stimulated widespread apprehensions among the
population (Rafatullah et al., 2010). Release of dye contaminated wastewater affects oxygenation of
water bodies and harms aquatic life. This has become as cause of global environmental concerns and
has drawn attention of researchers across the globe. Commercially available dyes are majorly used in
textile, paper, tannery, plastics, and paints industries. However, regardless of their prodigious
applications, organic dyes are non-biodegradable, allergic, carcinogenic, mutagenic, and toxic
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(Saghian et al., 2020). The complex aromatic groups present in
these organic dyes are responsible for their low biodegradability
which reduces the possibility of water recycling (Bazrafshan et al.,
2014).

Dyes elimination through wastewater treatment is challenging
and diverse treatment methods are employed for its removal.
These approaches include biodegradation, membrane separation,
chemical oxidation, photocatalysis, coagulation-flocculation, and
adsorption (Li et al., 2017). Majority of these techniques are
energy and cost-intensive. For example, chemical treatment of
dyes would require high agitation and high temperature that may
be further associated with sludge removal process (Arslan et al.,
2016). On the other hand, physical methods like adsorption have
been found to be simple, highly efficient, and economically
feasible approach towards mitigating dye-containing effluents
(Lei et al., 2013; Xiao et al., 2016). Numerous synthetic
adsorbents based on activated carbon, zeolites, hydrogels, clay,
etc., are known to remove toxic organic dyes from wastewater
(Hu et al., 2018). However, these adsorbents have limitations in
terms of resource recovery, purification, and reusability.
Moreover, the chemical reagents used for cross-linking in
synthetic hydrogels, such as N,N′-methylenebisacrylamide, and
glutaraldehyde, are highly toxic and impose adverse health effects
on living beings (Qi X. et al., 2018). Thus, their low or no
biodegradability may cause secondary environmental pollution,
one of the major concerns associated with the application of such
adsorbents.

Natural polysaccharide-based materials are evolving as
notable alternative adsorbents over synthetic ones for the
removal of environmental effluents. Polysaccharide-based
adsorbents are gaining prominence due to their biodegradable
nature, non-toxic behavior, high binding affinity, easy and quick
designing (El-Naggar et al., 2018). Polysaccharide-based
hydrogels are three-dimensional polymeric networks that are
suitable for water absorption in large quantities without
undergoing dissolution. They are used to treat dye-polluted
effluents due to their enhanced adsorption capacity,
reusability, and smooth operation (Deng et al., 2013).
Researchers have studied various adsorbents designed from
natural polymers, for example, cellulose/chitosan hydrogel
beads (Li et al., 2016), cellulose nanocrystals/alginate hydrogel
beads (Mohammed et al., 2015), pullulan/polydopamine
hydrogels (Su et al., 2020), etc. However, majority of these
adsorbents are active only at a lower pH range, adsorbs single
dye, and exhibit low dye retention capacities. In addition to the
nature of the membrane, handling of dyes adsorbed on the
membrane poses another problem. At present, normally the
adsorbed dyes are degraded while removing them from
wastewater or the adsorbent. The degradation of dyes may be
carried out through photocatalytic degradation, use of
nanoparticles, and other chemical methods and in all these
cases, it have been reported to form by-products that cause
additional toxicity and confines the reusability of dyes (Li
et al., 2019). Therefore, all these issues gravely limit the
applicability of existing adsorbents in dye containing
wastewater treatment. The exploitation of highly efficient,
biodegradable, and economical adsorbents with selective dye

adsorption and desorption property may be a possible solution
for treating wastewater with dye contaminants.

Stimuli-responsive hydrogels may be suitable alternative
towards existing adsorbents and treatment methods. Stimuli
can be provided by making alterations in the pH, ionic
strength, and temperature of the hydrogel system. pH-
responsive polysaccharide-based hydrogels have been studied
extensively for their adsorption potential. Such hydrogels can
react to changes in the ionic concentrations that can modulate
their adsorption capacity. Furthermore, such charged polymers
may interact electrostatically and form an interpenetrating self-
assembled network. Electrostatic interaction can help to achieve
dye adsorption and separation with an efficient single
biodegradable membrane imperative for both dye reusability
and recovery.

In the present work, we have prepared and investigated a
novel, pH-responsive, self-assembled tri-composite hydrogel of
chitosan, gellan, and κ-carrageenan (CH/GG/CR) for reusing and
recovering toxic dyes from wastewater released by industries. The
tri-composite hydrogel was formed without using any chemical
cross-linkers. Further, the hydrogel swelling properties were
assessed at different temperatures and pH to understand its
adsorption capacity. Subsequently, the membrane was
employed to selectively adsorb and desorb cationic and
anionic dyes at different pH singly as well as in combination.
This phenomenon has been demonstrated using methyl green
(MG) and methyl orange (MO) as model dyes. Comprehensive
adsorption kinetics, isotherms, and thermodynamic studies were
performed to detect the time-dependent uptake and spontaneity
of the adsorption reaction. The reusability of hydrogel was
confirmed by studying the number of adsorption-desorption
cycles. Overall, this study proposes an inexpensive, simple,
biologically safe, and efficient adsorbent material for
wastewater treatment and has made an effort towards zero dye
effluent waste.

MATERIALS AND METHODS

Materials
Commercially available chitosan having Mw � 3.8–20 kDa with
the degree of deacetylation ≥75% (PCT0817, HiMedia, India),
gellan gum of Mw � 500 kDa (Gelzan, G1910, Sigma-Aldrich,
India), and κ-carrageenan having Mw � 788.7 Da (22048, Sigma-
Aldrich, India) were utilized for hydrogel preparation. Potassium
bromide (KBr) (Sigma-Aldrich, India) was used for the FT-IR
analysis of hydrogel. Commercially available Methyl Green (MG)
ofMw � 653.24 Da (HiMedia, India) and Methyl Orange (MO) of
Mw � 327.34 Da (Merck, India) were used for dye adsorption and
separation studies. The structure of polysaccharides and dyes are
represented in Figure 1. Chitosan (CH) is a cationic linear
polysaccharide composed of a linear chain constituting
β(1→4)-D-glucosamine and N-acetyl-D-glucosamine units,
derived from the partial deacetylation of chitin (de Oliveira
et al., 2020). The gellan gum (GG) is an anionic
polysaccharide composed of deacetylated α-L-rhamnose,
β-D-glucose, and β-D-glucuronate units, respectively (Osmałek
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et al., 2014). Likewise, κ-carrageenan (CR) is an anionic sulfated
polysaccharide containing alternating α (1–3)-D-galactose-4-
sulfated and β (1–4)-3,6-anhydro-D-galactose units (Liu and
Li, 2016). MG is a cationic triphenylmethane dye used as a
colorant in the textile industries, and MO is an anionic dye
that belongs to the azo group containing nitrogen (Alardhi et al.,
2020).

Preparation of Hydrogel
CH (1.0%, w/v) was prepared in 1.0% (v/v) acetic acid with
continuous stirring at 600 rpm overnight at room temperature to

obtain a pale yellow color viscous solution. GG and CR (1.5%,
w/v) were prepared by dissolving weighed polysaccharides into
preheated (90°C) deionized water while stirring until the
homogenous viscous solution was obtained. To prepare a tri-
composite hydrogel, aliquots of CH/GG/CR were mixed in ratio
of 1:1:1 and allowed to form a three-dimensional polymeric
network at room temperature. Similarly, bi-composites of
these three polysaccharides were prepared by mixing them in
equal proportions, i.e., CH/GG, CH/CR, and GG/CR, to compare
its adsorption properties with the tri-composite CH/GG/CR
hydrogel.

FIGURE 1 | Structure of (A) Chitosan, (B) Gellan, (C) κ-Carrageenan, (D) Methyl Green and (E) Methyl Orange.
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Characterization of Tri-Composite
Hydrogel
Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR was performed to understand the chemical linkages
present in the composite hydrogels. FT-IR of sample was
recorded by mixing lyophilized tri-composite hydrogel (1 mg)
with KBr (99 mg) (Richa and Roy Choudhury, 2019a). The
sample pellet was then subjected to FT-IR spectral analysis
within the range of 4,000 to 400 cm−1 with a resolution of
1 cm−1. Additionally, infrared spectrum of individual
polysaccharides was measured following the same procedure.

Dynamic Rheological Behavior
Rheological studies were conducted on a rheometer (MCR 102,
Anton Paar, Austria) equipped with a Peltier plate system for
accurate thermoregulation. The rheological tests were carried out
using a parallel plate (PP) system (40 mm diameter) with a
1.0 mm set gap and temperature of 30°C (Richa and Roy
Choudhury, 2019a). Flow curve was studied under the shear
rate range of 0.001–1,000 s−1 to understand flow behavior of bi-
and tri-composite hydrogel. An amplitude (γ) sweep was also
performed to determine the linear viscoelastic region (LVR). The
storage modulus (G′) and loss modulus (G″) were measured at an
angular frequency (ω) ranging from 0.1 to 100 rad s−1 and strain
amplitude of 0.1%.

Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) was performed using the
TGA/DSC I system (Mettler Toledo, Switzerland). Thermal
stability of hydrogel was analyzed by exposing it to a
temperature up to 650°C under the nitrogen atmosphere. The
thermal stability was recorded as a weight loss percentage
(Balasubramanian et al., 2018).

Swelling Behavior of Tri-Composite
Hydrogel
The swelling capacity of dehydrated tri-composite hydrogel was
studied at different pH and temperatures through gravimetric
analysis (Alonso et al., 2014). It was determined by immersing
400 mg dried hydrogel into 20 ml deionized water. Following
incubation, excess water was wiped off from samples, and weight
of swollen hydrogel was measured until equilibrium was reached.
To determine the effect of temperature, swelling capacities at 30,
50, and 80°C were studied at pH 7. Similarly, swelling behavior of
hydrogel was assessed in different pH solutions (2, 4, 7, 10, and
12) to study the effect of pH at room temperature. The pH of
aqueous solution was adjusted using 1 MHCl and 1 MNaOH. All
the experiments were performed in triplicates. The equilibrium
swelling capacity percentage (SC%) of hydrogel was calculated
using Eq. 1:

SC% � Ws −W0

W0
× 100 (1)

where,WS andW0 is the weight of the swollen and dry hydrogel,
respectively.

pH-Responsive Swelling of the
Tri-Composite Hydrogel
Stimuli-responsive modulation of swelling capacity of the
hydrogel was studied to understand its ability to respond
towards pH alteration. For this purpose, pH of the aqueous
medium was modulated by using dilute HCl solution (pH � 2)
and phosphate-buffered solution (PBS) (pH � 7) (Wang et al.,
2012). Initially, 400 mg dried hydrogel sample was swollen in a
solution with pH 2 for 1 h and weight change was measured.
Afterward, the gel was transferred to a solution with pH 7 for
another 1 h and its weight was measured after drying off the
excess water. This was repeated for three consecutive cycles by
transferring hydrogel to alternate solutions every 1 h. The
swelling capacity percentage was calculated according to Eq. 1.

Adsorption Performance of Hydrogel
The dye adsorption potential of bi- and tri-composite hydrogel
membranes were compared by immersing accurately weighed
hydrogels in model ionic dyes, i.e., MG and MO solutions. For
conducting batch isothermal studies, 20 mg dried hydrogel
samples were immersed in 20 ml MG (pH∼7) and MO
(pH∼2) solutions and kept at 150 rpm until adsorption
equilibrium was reached. The initial dye concentrations varied
from 100 to 400 mg L−1. Simultaneously, standard curve for dyes
were plotted by measuring concentration of MG at 633 nm and
MO at 465 nm through UV-Vis spectrophotometer (Hitachi U-
2900) (Li et al., 2015; Murgai et al., 2020). The equilibrium
quantity of dye adsorption was calculated as follows:

Qe � C0 − Ce

m
× V (2)

where Qe (mg g−1) is the capacity of dye adsorbed per gram
hydrogel, C0 (mg L−1) and Ce (mg L−1) are the initial and
equilibrium concentration of the dye, V (L) is the volume of
the dye solution, andm (g) is the weight of dried hydrogel utilized
in this study.

In order to perform adsorption kinetics experiments, a 20 mg
dried CH/GG/CR hydrogel sample was added into 20 ml of MG
(pH∼7) and MO (pH∼2) dye solution (100 mg L−1) at 30°C. After
an interval of every 10 min, MG and MO concentrations of the
solution were determined spectrophotometrically (Hu et al.,
2018). Similarly, adsorption isotherm studies were conducted
with different dye concentrations ranging from 100 to
400 mg L−1at 30°C. Additionally, the effect of temperature on
dye adsorption was studied by performing experiments at three
different temperatures, i.e., 30, 50, and 80°C (Richa and Roy
Choudhury, 2019b).

Selective Separation of Synthetic Dyes
It was important to understand the ability of CH/GG/CR
hydrogel to separate the dyes from their mixtures for efficient
recovery and zero dye release in the effluent. Firstly, mixture of
dyes was prepared by adding 10 ml each of MG and MO having
concentration 100 mg L−1 at pH 7 for each dye. Next, 20 mg of
hydrogel sample was added into the dye mixture and agitated at
150 rpm for about 1 h at 30°C. The concentration of dye mixture
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was determined through a UV-Vis spectrophotometer (Agilent
Technologies, Cary 60 UV-Vis) (Li et al., 2017). Next, the pH of
solution was turned acidic (pH � 2), to check adsorption of
remaining dye by submerging another hydrogel for additional 1 h
at 30°C.

Reusability of the Hydrogel
The hydrogel reusability was evaluated by performing
adsorption-desorption cycles of organic dyes. For this, samples
saturated with MG and MO were initially desorbed in deionized
water by continuously stirring them at 150 rpm for 1 h (Hu et al.,
2018). Subsequently, desorbed samples were exposed to
individual dye solution (100 mg L−1). The concentrations of
the MG and MO dye were measured as per the protocol
mentioned in section “Adsorption Performance of Hydrogel”.
Further, Eq. 3 was used to measure the dye removal
percentage in each cycle (Meng et al., 2015).

Removal% � (C0 − Ct)
C0

× 100 (3)

where Ct is dye concentration (mg L−1) at time t, respectively.

Field Emission Scanning Electron
Microscopy (FESEM) Analysis
The surface morphology of the tri-composite hydrogel was
investigated through ultra-high-resolution field emission
scanning electron microscopy (SU 8010 Series, Hitachi, Japan)
at a voltage of 15 kV. For analysis, lyophilized hydrogel samples
were fixed on conductive tape and coated with a gold-palladium
layer (Hezaveh and Muhamad, 2013).

RESULTS AND DISCUSSION

Preparation of Hydrogel
The tri-composite hydrogel was formed by self-assembly of
chitosan, gellan, and κ-carrageenan via non-covalent
electrostatic interactions among different functional groups
present in those polysaccharides. This electrostatic interaction
may be strengthened by Van der Waals forces and hydrogen
bonding among the polymers. It may be commented that
positively charged amino group (-NH3

+) of CH interacts with
the negatively charged sulfate (SO4

2−) group of CR and carboxyl
(-COO−) group of GG (Liang et al., 2018; de Oliveira et al., 2020),
to form this self-assembled tri-composite hydrogel. Therefore,
these interactions rendered use of chemical cross-linkers
unnecessary for assembly of the tri-composite hydrogel.
Previously, a report on chitosan/gellan gum composite
hydrogel mentioned the establishment of polyelectrolyte
complexes (PECs) due to oppositely charged groups in
polysaccharides solution (de Oliveira et al., 2020). Such
interactions improve the durability, mechanical strength,
porosity, and structural homogeneity of hydrogel. In fact, this
is the first report on a tri-composite hydrogel formed from these
three natural polysaccharides.

Characterization of Tri-Composite
Hydrogel
Determination of Cross-Linking Among Hydrogel
FT-IR was performed to understand the chemical structure and
interlinking among the polymer compounds (Figure 2). Infrared
spectrum showed a characteristics band at 844.79 cm−1 due to the
occurrence of D-galactose-4-sulphate being correlated to sulfate
content of the CR, which provides it with a negative charge
(Balasubramanian et al., 2018). Additionally, the peaks at
1,064.36 and 1,411.41 cm−1 were assigned to C-O linkages and
symmetric COO− stretching vibrations (Kudaibergenov et al.,
2016; Tretinnikov et al., 2002). The presence of an infrared peak
at 1,636.46 cm−1 corresponds to the glycosidic linkage in GG
along with asymmetric COO− stretching (Balasubramanian et al.,
2018; Mohd Azam and Amin, 2017). The presence of carboxyl
group imparts a negative charge to GG, which is imperative for
electrostatic interactions. Also, a band in the region of
2,924.27 cm−1depicts C-H stretching (Patil and Netravali,
2019). Interestingly, a characteristic peak at around
3,442.06 cm−1 shows presence of O-H bonds (de Oliveira
et al., 2020) and could be due to N-H stretching in CH, and
this amino group is responsible for its positive charge (Khan et al.,
2013). Furthermore, it was articulated from the adsorption
spectra that CH/GG/CR tri-composite hydrogel unveiled slight
shifts in peaks due to the hydrogel formation however still
showed similarities with three individual polysaccharides.
Hence, these observations confirmed successful crosslinking
among constitutive polysaccharide network of tri-composite
hydrogel. It is also noteworthy that after crosslinking, the
native backbone structure of polysaccharide remained intact.
However, there might be few free charged groups that did not
participate in cross-linking and would further serve as active sites
for dye adsorption.

Dynamic Rheological Behavior
Rheological characterization of hydrogel plays a significant role in
gaining a deeper insight regarding the behavior of thematerial. The
flow curve of the tri-composite hydrogel suggested that the
synthesized gels were pseudoplastic in nature, shown in
Figure 3A. The zero-shear rate viscosity (η0) of the hydrogels
was found by fitting the Carreau-Yasuda model. The obtained
values suggested that the tri-composite hydrogel had the highest η0
(4.62 × 108 mPa s), followed by the bi-composite hydrogel
composed of CH/GG. It must be noted that the bi-composite
systems with chitosan as a component had higher viscosity.
Therefore, it might be suggested that chitosan might play a
crucial role in enhancing the viscosity of the hydrogel system.
Earlier, Irimia et al. (2018) has mentioned the use of chitosan for
enhancing viscosity of chitosan/PVA hydrogel (Irimia et al., 2018).

Moreover, it was observed that all the hydrogels exhibited
similar linear viscoelastic region (LVR) with shear rates ranging
from 0.08 to 0.1%. Using the obtained LVR, effect of frequency on
storage modulus (G′) and loss modulus (G″) was studied by
conducting a frequency sweep which is represented in Figure 3B.
It is well acknowledged that G′ values reflect crosslinking density
and elastic nature of the hydrogel system, whereas G″ represents
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its viscous nature (Qi X. et al., 2018). It was revealed from the
frequency sweep that both G′ and G″ are independent of
variation in angular frequency, which is a commonly observed
trend in hydrogels. For instance, a previous report on xanthan/
gellan/pullulan composite hydrogel also exhibited the same
tendency (Kalia and Roy Choudhury, 2019). However, the G′
values were the highest for the tri-composite hydrogel and CH/
GG bi-composite hydrogel. Much like the trend in the case of
viscosity, G′ was higher for composites containing chitosan as a
component. This can be attributed to the fact that hydrogels
having higher viscosity generally have more intensive
crosslinking amongst the components.

Determination of Thermal Stability
TGA is a thermal analysis method to detect the deviations in
physical and chemical properties as a temperature rise function.
The composite hydrogel’s TGA curve showed a decrease in
weight in the three-step degradation pattern (Figure 4), as
observed in most hydrogels. A marginal weight loss (∼8%) was
initially observed from 40 to 110°C due to physically adsorbed
water evaporation. Then, a nearly 50% decrease in weight was
observed when the temperature was increased from 270 to 500°C,
which may be associated with pyrolysis of polymers such as
cleavage of bonds (Qi X. et al., 2018). Further, almost 20% loss in
weight was detected above 500°C. Therefore, it is evident that the
composite hydrogel remains relatively stable up to 270°C. It is
essential to mention that the composite hydrogel resisted higher
temperatures in contrast to the individual polysaccharides. Most
of the previously reported composite hydrogels, such as cellulose/
gelatin (Maity and Ray, 2017) and glucan/chitosan composite

hydrogel (Jiang et al., 2019), followed a similar three-step
degradation pattern.

Swelling Behavior of Tri-Composite
Hydrogel
Effect of Temperature
The swelling behavior of a material can be crucial in
understanding its absorption capability. Here, we have studied
the effect of temperature and pH on the adsorption capacity of
tri-composite hydrogel, which will benefit adsorption and
separation of dyes. The swelling kinetics of composite
hydrogels was performed in water at three different
temperatures, i.e., 30, 50, and 80°C (Figure 5A) until
equilibrium was attained. The swelling capacity of tri-
composite hydrogel increased gradually until 60 min at 30°C,
after which it reached equilibrium at approximately 6,325%.
Similarly, at 50°C, there was an initial rise for 45 min,
afterward SC% became steady at 6,481%. A different trend of
variation in swelling was observed at 80°C, where SC% increased
to 6,713% within 30 min, after which values dropped to 3,332%,
and the plateau region was attained further on. The crosslinking
also opposes additional water movement by osmotic force due to
an elastic retractive effect resulting in hydrogels to reach swelling
equilibrium (Rizwan et al., 2017). Moreover, this equilibrium
generates a balance amid the elastic retractive forces and the
osmotic pressure of polymeric chains. The hydrogel displays a
positive temperature response as it swelled faster with change in
temperature from 30 to 80°C. The increase in temperature
facilitates internal polymeric network expansion by enhancing

FIGURE 2 | FT-IR spectra of CH/GG/CR tri-composite hydrogel.
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chain mobility thereby, allowing high water uptake (Mah and
Ghosh, 2013). However, at 80°C, swelling initially increased and
gradually declined which may be due to disruption among strong
polymer-polymer hydrogen bonding, causing the hydrogel to
shrink and inhibit swelling.

Effect of pH
pH-sensitive swelling is accredited to charged hydrogels carrying
different ionic groups. Various factors control the swelling

capacity, such as ionic charge, degree of ionization, pKa, or
pKb values of ionizable groups, hydrophilicity, and pH of the
medium (Rizwan et al., 2017). Since the tri-composite hydrogel
contains ionic polymers, they respond to low and high pH
differently, resulting in different swelling capacities. Figure 5B
shows that hydrogel has a higher swelling capacity at pH 4,
followed by pH 7. In a highly acidic condition (pH ≤ 2), swelling
capacity was low compared to pH 4 due to the alteration of
carboxylic groups into the protonated acid form, enhancing the

FIGURE 3 | Rheological tests (A) viscosity (η) versus shear rate (γ), and (B) Storage modulus (G′) and loss modulus (G″) with angular frequency (ω).
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polymer hydrophobicity (Chang et al., 2011). As pH exceeds 4,
ionization of some carboxylate groups and electrostatic repulsion
among them resulted in an enhanced swelling capacity (Ju et al.,
2001). Whereas, at high alkaline conditions (pH ≥ 10),
counterions (Na+) may have a screen effect on charged
groups, thus preventing electrostatic interaction (Llanes et al.,
2020). This ultimately resulted in the lowest swelling ratio at
pH 12.

pH-Responsive Swelling of Tri-Composite
Hydrogel
The reversibility in swelling capacity of hydrogel with alteration
in pH of system was studied to understand stimuli-responsive
behavior that can be further utilized for ionic dyes adsorption as
different pH. In this regard, swelling capacity was found to be
reversible between pH 2 and pH 7 (Figure 5C). At pH 7, hydrogel
swells up to approximately 6,000%, whereas at pH 2 swelling
capacity reduces to nearly 3,400% for three consecutive cycles.
The internal osmotic pressure controls swelling of these
hydrogels containing pH-responsive components that rises
because of the ions and counterion movement. It is predicted
that ion–counterion interactions balance the inner electrostatic
repulsion among polymers (Khan et al., 2013). The porous
structure of polymers forms capillary channels accountable for
pH change response because of the natural diffusion of swelling
medium into the polymeric matrix.

Adsorption Performance of Hydrogel
Primarily, the effect of dye concentration on adsorption of model
ionic dyes MG and MO by CH/GG/CR hydrogel was observed at
eight different concentrations ranging from 100 to 400 mg L−1

until equilibrium was reached. Initially, at 100 mg L−1, hydrogel
exhibited similar adsorption capacity of 47.6 mg g−1 for MG and
45.02 mg g−1 for MO, respectively. However, it showedmaximum
adsorption capacity of 315 mg g−1 for cationic dye MG (pH 7) at
400 mg L−1 concentration in 150 min (Figure 6A). While, the

hydrogel exhibited amaximum adsorption capacity of 276 mg g−1

for the anionic dye MO (pH 2) at 400 mg L−1 concentration in
just 135 min (Figure 6B). This can be correlated with the swelling
ability of hydrogel, which was low at pH 2 and high at pH 7
(Figure 5B). Later, the effect of time on adsorption of dyes on bi-
and tri-composite hydrogels was compared. It was revealed from
the furnished data that irrespective of dye, adsorption potential
was highest in case of a tri-composite hydrogel. Among the
synthesized bi-composite hydrogels, GG/CR exhibited higher
adsorption for MG (230 mg g−1), CH/CR exhibited better
adsorption for MO (157 mg g−1), while CH/GG showed
average adsorption of both MG (183 mg g−1) and MO
(143 mg g−1), respectively (Figures 6C,D). This can be
attributed to a difference in charge of constitutive
polysaccharides in the composite system. Since GG and CR
are anionic polysaccharides, therefore they adsorb cationic dye
MG in higher quantities. Similarly, composites containing CH, a
positively charged biopolymer, exhibited higher adsorption
potential for anionic dye, MO. Previously, clays (Satlaoui
et al., 2019) and carbon nanotubes (Bahgat et al., 2012) have
been utilized for MG dye adsorption with adsorption efficiencies
of nearly 150 and 181.2 mg g−1, respectively. Recently, Wu et al.
(2021) utilized halloysite nanotubes (HNTs) and chrysotile
nanotubes (ChNTs) for MO dye adsorption with efficiency of
13.56 and 31.46 mg/g, respectively. The adsorption efficiency
reported are lower as compared to our tri-composite hydrogel
system. Since the adsorption capacity for both the dyes was
highest in tri-composite hydrogel, it was used to conduct
further studies.

Adsorption Isotherm
The interactions among adsorbate molecules and an adsorbent
surface can be explained through an adsorption isotherm. To
examine the association between hydrogel and dye molecules for
achieving equilibrium adsorption capacity, Freundlich and
Langmuir isotherms were fitted to experimental adsorption
data. The equations for both the isotherms are mentioned below:

FIGURE 4 | Thermogravimetric analysis of tricomposite hydrogel.
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Langmuir isotherm:
Ce

Qe
� Ce

Qm
+ 1

KL Qm
(4)

Freundlich isotherm: lnQe � lnKF
1
nF

+ (lnCe) (5)

where Qe (mg g−1) is concentration of dye adsorbed, Qm (mg g−1)
is monolayer coverage constant, Ce (mg L−1) is concentration of
adsorbate, and KL (L mg−1) is adsorption energy. Qm and KL are
Langmuir constants, whereas KF (mg g−1) and nF (dimensionless)
are Freundlich constant depicting the adsorption capacity and

intensity. Langmuir isotherms elucidate the equal adsorption
activation energy by each adsorbate molecule, which is being
adsorbed onto the adsorbent’s surface. Thus, resulting in a
monolayer coverage over specific sites in the adsorbent surface
(Yang et al., 2016). Also, adsorption is considered irreversible
since no migration of adsorbate occurs after adsorption. On the
contrary, a Freundlich isotherm describes a heterogeneous
adsorption system functional for the multilayer coverage and
is a reversible process.

The linear regression was used to correlate experimental data
with isothermic models to determine isotherm constants at 30°C
(Table 1). The high correlation coefficient R2 values for both the
MG (R2 � 0.99) and MO (R2 � 0.99) dyes indicated that the
Freundlich adsorption model shows a good fit with the data
(Figure 7A). However, the Langmuir model poorly fits the
adsorption progression with R2 values of 0.88 and 0.41 for
MG and MO, respectively (data not shown). Therefore, it was
inferred that hydrogel surface sites had slightly variable
adsorption energies for both the dyes and could adsorb dye
molecules in a multilayer fashion. It is already known that
process can be favorable with nF > 1, linear with nF � 1, and
unfavorable with nF < 1 (Kyzas et al., 2009). As the experimental
data suggests that both the cationic and anionic dyes have nF > 1.
Thus, it can be concluded that the dye adsorption process here is
favorable. Moreover, the adsorption space accommodates more
than one layer of dye molecules, thereby allowing faster
adsorption of dyes.

Adsorption Kinetics
Adsorption kinetic studies on dyes elucidate essential
information on the evaluation of adsorption mechanisms. The
kinetic data for MG and MO adsorption by hydrogel were fitted
in accordance with the following equations:

pseudo − first − order : ln(Qe − Qt) � lnQe – k1t (6)

pseudo − second − order :
t

Qt
� 1
k2Q2

e

+ t

Qe
(7)

Where Qt (mg g−1) and Qe (mg g−1) are adsorption capacity at a
specified time “t” and equilibrium, respectively, and k1 (min−1)
and k2 (g mg−1 min−1) are pseudo-first-order and pseudo-second-
order adsorption rate constants (Junejo et al., 2019).

The determination coefficient (R2) of pseudo-second-order
model forMG andMOwas 0.97 and 0.95, respectively. Therefore,
dye adsorption onto hydrogel fits pseudo-second-order kinetic
model represented in Figure 7B, which suggested removal from a
solution is due to physicochemical interactions between the two
phases. The values achieved for k2 andQe are reported in Table 2.
Similarly, Qi X. et al. (2018) reported Salecan/poly (acrylamide-
co-diallyldimethylammonium chloride) hydrogel for MO dye
adsorption that followed pseudo-second-order model and best
fitted with Freundlich isotherm (Qi X. et al., 2018).

Adsorption Thermodynamics
The association between the process of adsorption and
temperature is an imperative aspect to analyze as it helps
interpret the thermodynamic factors of adsorption mechanism

FIGURE 5 | (A) Swelling capacity of CH/GG/CR hydrogel at a different
temperature, (B)Swelling capacity of CH/GG/CR hydrogel at different pH, and
(C) Pulsatile pH-dependent at 30°C with alternation of the swelling medium
between HCl solution (pH � 2) and PBS (pH � 7); (n � 3, mean ± S.D.).
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(Chen et al., 2012). The significant variations in Gibb’s free energy
ΔG˚, enthalpy ΔH˚, and entropy ΔS˚ with temperature change
was studied as per Eq. 8:

ΔG˚ � ΔH˚ − TΔS˚ (8)

However, it is already known that ΔG˚ � −RTlnKc, thus Eq. 9
can be revised as:

−RTlnKc � ΔH˚ − TΔS˚ (9)

Where T is the temperature (K), R is universal gas constant
(8.303 J mol−1 K), and Kc was analogous to Freundlich constant
KF. The linear equation (Eq. 10) was utilized for plotting a graph
between lnKc and 1/T to obtain values for thermodynamic
parameters:

lnKc � − ΔH˚

RT
+ ΔS˚

R
(10)

The slope and intercept of plot between ln Kc versus 1/T were
considered for calculating values of thermodynamic parameters
ΔH˚ and ΔS˚ (Kyzas et al., 2009). The values of ΔH˚ for hydrogels
in case of MG (35.7 kJ mol−1) and MO (11.32 kJ mol−1) were
positive (Table 2). This is suggestive of endothermic adsorption
process. The negative values of ΔG˚ recommend spontaneity of

process for dye molecules. ΔS˚ shows positive values for both MG
(0.069 kJ K−1 mol−1) andMO (0.012 kJ K−1 mol−1) that correspond
to amplified randomness at solid and liquid interface. Moreover,
through the adsorption process, coordinated water molecules
transferred by the dye molecules gain additional translational
entropy, ensuing improved randomness in dye-hydrogel
interactions (Unnithan and Anirudhan, 2001).

Evaluation of Ionic Dyes Separation
Highly selective adsorbents could recover valuable chemicals and
perform dye separation (Li et al., 2012). The individual capacity of
hydrogel adsorption towards ionic dyes made it suitable for
separation of dye mixture solutions. This was proven
experimentally by preparing a mixture solution of MG and MO
dye with a concentration of 100mg L−1. The UV-vis spectra of the
dye mixture showed two peaks at 630 and 460 nm, indicating
presence of both the dyes in solution (Figure 8A). However,
after the dye mixture (pH � 7) was passed through hydrogel
membrane, only a single peak characteristic to MO was
observed. The absorbance at the representative wavelength of
MG was entirely negligible, suggesting its complete adsorption. It
was also evident from the change in the mixture’s color from green
to yellow after adsorption. Interestingly, the hydrogel could also
remove nearly 60% of the remaining anionic dye after changing the
pH of the mixture solution.

In fact, the digital images captured before and after dye mixture
separation also conveyed the same information (Figure 8A). Earlier,
Li et al. (2017) demonstrated the separation of only anionic dyes from
a mixture of anionic and cationic dyes using PEE-Gel. However, to
the best of our knowledge, there are no reports on using natural
polysaccharide-based membranes to separate cationic and anionic

FIGURE 6 | (A) Adsorption efficiency of CH/GG/CR hydrogel for MG, (B) Adsorption efficiency of CH/GG/CR hydrogel for MO, (C)Comparing adsorption efficiency
of CH/GG/CR, CH/GG, CH/CR and GG/CR hydrogel for MG, and (D)Comparing adsorption efficiency of CH/GG/CR, CH/GG, CH/CR and GG/CR hydrogel for MO (n �
3, mean ± S.D.).

TABLE 1 | Freundlich isotherm equilibrium constants for dye adsorption.

Dye Qe (mg g−1) KF [(mg g−1) (mg−1)1/n] nF R2

MG 315.29 9.48 1.12 0.99
MO 276.05 1.004 1.08 0.99
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dyes. Thus, it can be commented that novel CH/GG/CR hydrogel is
first report on completely natural hydrogel to separate dyes selectively
and minimize load of polluting dyes in final effluent.

Reusability of the Hydrogel
The economic feasibility of a material can be determined by
assessing recyclability of the employed adsorbent. For evaluating
the reusability of synthesized hydrogel, saturated hydrogel was
desorbed and again immersed in the aqueous dye solutions. It was
detected that the hydrogel reserved its efficiency of dye removal
for almost ten cycles during this entire procedure (Figure 8B). An
initial rise followed by a minor decline in removal percent was
observed, which may be due to strong binding strength of dye to
hydrogel with each cycle. MO was removed in higher quantity

(80% at pH 7) than MG (60% at pH 2). The hydrogel exhibited
increased efficiency for retaining cationic dyes, and thus its
removal was slightly difficult. Moreover, the well-cross-linked
porous network structure of hydrogel was responsible for its
incredible recyclability.

The adsorption capacity and reusability cycle of tri-composite
hydrogel were compared with different polysaccharide-based
adsorbents reported in the literature (Table 3). Upon
comparing tri-composite hydrogel with previous reports, it was
found that this hydrogel could overcome two main limitations of
other adsorbents. Firstly, most adsorbents were synthesized using
chemical cross-linkers (Qi C. et al., 2018; Pandey et al., 2020).
Secondly, these composite hydrogels adsorbed either cationic or
anionic dyes but could not adsorb and separate both the dyes
simultaneously (Choudhury and Ray, 2018; Mohammed et al.,
2015). Similar observations have been made in recent literature
reports (Li et al., 2016; Qi X. et al., 2018), wherein cellulose/
chitosan hydrogel beads and Salecan/poly (acrylamide-co-
diallyldimethylammonium chloride) hydrogel were crosslinked
through chemical reagents and adsorbed only anionic dyes.
Likewise, cellulose nanocrystals/alginate hydrogel beads and
Locust Bean Gum-cl-Poly(N,N-dimethylacrylamide) hydrogel
were chemically crosslinked that adsorbed only cationic dyes,
and it showed reusability for at least five cycles (Mohammed
et al., 2015; Pandey et al., 2020). In contrast, the present study
shows that hydrogel membrane was self-assembled, physically
crosslinked, and adsorbed both cationic and anionic dyes at
different pH levels. Moreover, the tri-composite hydrogel can be
reused for at least ten cycles. Therefore, it may be economically and
environmentally advantageous as compared to other adsorbents.

Analysis of Surface Morphology
Understanding the surface morphology of hydrogel is essential for
its utilization as an adsorbent. Therefore, FESEM analysis was
performed to visualize the detailed hydrogel structure (Figure 9).
The micrograph of sample demonstrated that tri-composite
hydrogels have a rough and corrugated surface. The mesh-like
internal structure, calledmicrochannels signifies an interconnected
porous surface that would ultimately assist in adsorption and
transport of water and dyes. These microchannels are formed
as a result of crosslinking among the polymers (Bashir et al., 2018).
An earlier report on FESEM images of karaya gum-g- poly (acrylic
acid) hydrogels also showed the porous surface that facilitates
water and drug exchange (Bashir et al., 2018). A similar electron
micrograph was reported for a super-adsorbent nanocomposite
hydrogel that revealed a loose and porous surface for the

FIGURE 7 | (A) Freundlich isotherm and (B) pseudo-second-order
kinetics model for adsorption of dyes on CH/GG/CR hydrogel.

TABLE 2 | Pseudo-second-order kinetic and thermodynamics data for dye adsorption.

Dye Kinetic parameters Thermodynamic parameters

R2 k2
(×10−5 g mg−1 min−1)

Qe

(mg g−1)
R2 ΔH˚

(kJ mol−1)
ΔS˚

(kJ K−1 mol−1)
−ΔG˚ (kJ mol−1)

303K 313K 323K

MG 0.97 59.16 107.5 0.99 35.7 0.069 14.69 14.91 15.39
MO 0.95 81.8 61.3 0.91 11.32 0.012 15.04 12.5 12.73
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FIGURE 8 | (A) UV-Vis spectra of before and after dye mixture separation by CH/GG/CR hydrogel and (B) Dye removal by hydrogel after cyclic adsorption-
desorption (n � 3, mean ± S.D.).

TABLE 3 | Comparison of polysaccharide-based composite adsorbents for dye adsorption and reusability of synthetic dyes.

Cross-linker Dye adsorbed Adsorption capacity
(mg g−1)

Reusability
cycles

References

Cellulose/Chitosan hydrogel bead 1-ethyl-3-methylimidazolium acetate
([Emim]Ac)

Congo red (anionic) 40 NA Li et al. (2016)

Cellulose nanocrystals/alginate hydrogel
beads

CaCl2 Methylene Blue
(cationic)

256 5 Mohammed
et al. (2015)

Graphene Oxide/Chitosan sponge Self-assembled Methylene Blue
(cationic)

275 4 Qi et al. (2018a)

Salecan/poly (acrylamide-co-
diallyldimethylammonium chloride)
hydrogel

N,N′-methylenebisacrylamide Methyl orange
(anionic)

56.2 NA Qi et al. (2018b)

Locust Bean Gum - cl -Poly(DMAAm)
hydrogel

N,N′-methylenebisacrylamide Brilliant green
(cationic)

142 6 Pandey et al.
(2020)

kappa-carrageenan (KC) and copolymers
of poly (N-vinylpyrrolidone-co-acrylic
acid) (CP)

Methylene bis-acrylamide (MBA) Safranine T and
Brilliant cresyl blue
(cationic)

362.5 (Safranine T)
and 398 (Brilliant
cresyl blue)

5 Choudhury and
Ray, (2018)

Pullulan/polydopamine hydrogels Neopentyl glycol diglycidyl ether and
Trimethylolpropane triglycidyl ether

Crystal violet and
Methylene blue
(cationic)

96 (Crystal violet) and
25.8 (Methylene blue)

NA Su et al. (2020)

Chitosan/gellan/κ-Carrageenan hydrogel Self-assembled Methyl Green
(cationic) and Methyl
Orange (anionic)

315 (Methyl Green)
and 276 (Methyl
Orange)

10 Present study
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transportation of water and dyes (Hu et al., 2018). Additionally, the
surface morphology of hydrogel after dye adsorption and
desorption for both MG and MO are represented in Figure 9,
which suggested that after adsorption of dyes, the hydrogel surface
becomes non-porous as pores remain clogged with dyes.
Interestingly, after desorption, there was a significant difference
in the surface morphology of hydrogel adsorbing MO and MG. In
the case of MO, hydrogel shows a more porous surface than MG,
which may be attributed to the difference in removal percent as
mentioned above.

Mechanism of Dye Adsorption and
Desorption
The proposed mechanistic scheme of dye adsorption has been
shown in Figure 10. The advantage of using this polyelectrolyte
hydrogel is that it allows adsorption of both dyes at different pH

levels. The pH-responsive hydrogel generally contains both acidic
and basic groups in polymeric matrix. It can be proposed that in
acidic solutions, the surface charge on adsorbent is positive.
Therefore, it is advantageous for adsorption of anionic dye due
to enhanced electrostatic interactions. This interaction occurs
between positively charged protonated amino group (NH3

+ in
chitosan) on hydrogel surface and negatively charged sulphate
group (SO3

−) on anionic (MO) dye. At high pH, surface of
hydrogel containing negatively charged deprotonated groups
(COO− in gellan gum and SO4

2- in κ-carrageenan) interacts with
two positive charges present on cationic (MG) dye (Figure 10) (Li
et al., 2017). Simultaneously, few secondary interactions among the
hydrogel and dyes (Van der Waals forces, hydrogen bonds, and
porous networks) allowed dye molecules to be captured successfully
through the adsorption mechanism (Ilgin et al., 2020). The possible
reason for this high adsorption capacity of hydrogel for cationic dye
is the presence of two anionic polysaccharides in polymeric

FIGURE 9 | FE-SEM images of tri-composite hydrogel (i) before dye adsorption, (ii) after MG adsorption, (iii) after MO adsorption, (iv) after desorption of MG, and
(v) after desorption of MO.
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network, whereas adsorption capacity for anionic dye was low due
to the presence of only a single cationic polysaccharide in hydrogel
matrix.

CONCLUSION

The present work reports a novel facile method for green
synthesis of tri-composite hydrogel to remove toxic organic
dyes from industrial effluents. The hydrogel was self-
assembled and formed without any chemical cross-linkers.
Polyelectrolyte nature of the hydrogel allowed adsorption of
cationic (MG � 315 mg g−1) and anionic (MO � 276 mg g−1)
dyes at different pH. The dye adsorption process followed
pseudo-second-order kinetics and best fitted with Freundlich
isotherm model. Moreover, separation efficiency of hydrogel
for cationic dye was almost 100% at pH 7. In contrast, it
adsorbed more than 60% of the anionic dye from dye
mixture on changing pH to acidic level (pH 2). It has
reusability for at least ten cycles, thereby making it cost-
effective. To date, this is the first report of self-assembled
polysaccharide-based pH-responsive tri-composite hydrogel for
selective adsorption of both ionic dyes using a single-membrane
system, making an effort towards zero dye waste. This research
work reports a durable, biodegradable, and highly efficient
adsorbent material that can be effectively used for wastewater
treatment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

ARC has contributed in conceptualization, supervision, funding
acquisition, data analysis, and manuscript writing. NS has
contributed in performing the experiments, data analysis, and
drafting of the manuscript.

FUNDING

The authors are grateful to the Council of Scientific and Industrial
Research (CSIR), Government of India, for fellowship and project
fundings. The financial support for current research was obtained
from the CSIR project no. MLP-0014, entitled “Technology
development of gellan gum production.”

ACKNOWLEDGMENTS

Wewould like to thank SAIF, Panjab University, for FESEM images.

REFERENCES

Alardhi, S. M., Albayati, T. M., and Alrubaye, J. M. (2020). Adsorption of the
Methyl green Dye Pollutant from Aqueous Solution Using Mesoporous

Materials MCM-41 in a Fixed-Bed Column. Heliyon 6, e03253. doi:10.1016/
j.heliyon.2020.e03253

Alonso, G. J., Rivera, J. L. A., Mendoza, A. M. M., andMendez, M. L. H. (2014). Effect of
Temperature and pH on Swelling Behavior of Hydroxyethyl Cellullose-Acrylamide
Hydrogel. e-Polymers 7 (1), 150. doi:10.1515/epoly.2007.7.1.1744

FIGURE 10 | Schematic illustration of self-assembled tri-composite hydrogel along with the proposed mechanism for dye adsorption and desorption.

Frontiers in Chemistry | www.frontiersin.org October 2021 | Volume 9 | Article 76168214

Srivastava and Roy Choudhury Novel Tri-Composite Hydrogel for Dye Adsorption

https://doi.org/10.1016/j.heliyon.2020.e03253
https://doi.org/10.1016/j.heliyon.2020.e03253
https://doi.org/10.1515/epoly.2007.7.1.1744
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Arslan, S., Eyvaz, M., Gürbulak, E., and Yüksel, E. (2016). “A Review of State-Of-
The-Art Technologies in Dye-Containing Wastewater Treatment – the Textile
Industry Case,” in Textile Wastewater Treatment. Editors E. P. A. Kumbasar
and A. E. Körlü. InTech. doi:10.5772/64140

Bahgat, M., Farghali, A. A., El Rouby, W., Khedr, M., and Mohassab-Ahmed, M. Y.
(2012). Adsorption of Methyl green Dye onto Multi-Walled Carbon Nanotubes
Decorated with Ni Nanoferrite. Appl. Nanosci. 3 (3), 251–261. doi:10.1007/
S13204-012-0127-3

Balasubramanian, R., Kim, S. S., and Lee, J. (2018). Novel Synergistic Transparent
K-Carrageenan/Xanthan gum/Gellan Gum Hydrogel Film: Mechanical,
thermal and Water Barrier Properties. Int. J. Biol. Macromolecules 118,
561–568. doi:10.1016/j.ijbiomac.2018.06.110

Bashir, S., Teo, Y. Y., Ramesh, S., and Ramesh, K. (2018). Synthesis and
Characterization of Karaya Gum-G- Poly (Acrylic Acid) Hydrogels and In
Vitro Release of Hydrophobic Quercetin. Polymer 147, 108–120. doi:10.1016/
j.polymer.2018.05.071

Bazrafshan, E., Zarei, A. A., Nadi, H., and Zazouli, M. A. (2014). Adsorptive
Removal of Methyl Orange and Reactive Red 198 Dyes by Moringa Peregrina
Ash. Zahedan, Iran: Indian Journal of Chemical Technology.

Chang, C., He, M., Zhou, J., and Zhang, L. (2011). Swelling Behaviors of pH- and
Salt-Responsive Cellulose-Based Hydrogels. Macromolecules 44, 1642–1648.
doi:10.1021/ma102801f

Chen, C., Zhang, M., Guan, Q., and Li, W. (2012). Kinetic and Thermodynamic
Studies on the Adsorption of Xylenol orange onto MIL-101(Cr). Chem. Eng. J.
183, 60–67. doi:10.1016/j.cej.2011.12.021

Choudhury, S., and Ray, S. K. (2018). Efficient Removal of Cationic Dye Mixtures
from Water Using a Bio-Composite Adsorbent Optimized with Response
Surface Methodology. Carbohydr. Polym. 200, 305–320. doi:10.1016/
j.carbpol.2018.07.080

de Oliveira, A. C., Sabino, R. M., Souza, P. R., Muniz, E. C., Popat, K. C., Kipper, M.
J., et al. (2020). Chitosan/gellan Gum Ratio Content into Blends Modulates the
Scaffolding Capacity of Hydrogels on Bone Mesenchymal Stem Cells. Mater.
Sci. Eng. C 106, 110258. doi:10.1016/j.msec.2019.110258

Deng, S., Xu, H., Jiang, X., and Yin, J. (2013). Poly(vinyl Alcohol) (PVA)-enhanced
Hybrid Hydrogels of Hyperbranched Poly(ether Amine) (hPEA) for Selective
Adsorption and Separation of Dyes. Macromolecules 46, 2399–2406.
doi:10.1021/ma302330w

El-Naggar, M. E., Radwan, E. K., El-Wakeel, S. T., Kafafy, H., Gad-Allah, T. A., El-
Kalliny, A. S., et al. (2018). Synthesis, Characterization and Adsorption Properties
ofMicrocrystalline Cellulose Based Nanogel for Dyes andHeavyMetals Removal.
Int. J. Biol. Macromolecules 113, 248–258. doi:10.1016/j.ijbiomac.2018.02.126

Hezaveh, H., andMuhamad, I. I. (2013). Controlled Drug Release viaMinimization
of Burst Release in pH-Response Kappa-Carrageenan/polyvinyl Alcohol
Hydrogels. Chem. Eng. Res. Des. 91, 508–519. doi:10.1016/j.cherd.2012.08.014

Hu, X.-S., Liang, R., and Sun, G. (2018). Super-adsorbent Hydrogel for Removal of
Methylene Blue Dye from Aqueous Solution. J. Mater. Chem. A. 6,
17612–17624. doi:10.1039/c8ta04722g

Ilgin, P., Ozay, H., and Ozay, O. (2020). The Efficient Removal of Anionic and
Cationic Dyes from Aqueous media Using Hydroxyethyl Starch-Based
Hydrogels. Cellulose 27, 4787–4802. doi:10.1007/s10570-020-03074-0

Irimia, T., Ghica, M., Popa, L., Anuţa, V., Arsene, A.-L., and Dinu-Pîrvu, C.-E.
(2018). Strategies for Improving Ocular Drug Bioavailability and Corneal
Wound Healing with Chitosan-Based Delivery Systems. Polymers 10, 1221.
doi:10.3390/polym10111221

Jiang, C., Wang, X., Wang, G., Hao, C., Li, X., and Li, T. (2019). Adsorption
Performance of a Polysaccharide Composite Hydrogel Based on Crosslinked
Glucan/chitosan for Heavy Metal Ions. Composites B: Eng. 169, 45–54.
doi:10.1016/j.compositesb.2019.03.082

Ju, H. K., Kim, S. Y., and Lee, Y. M. (2001). pH/temperature-Responsive Behaviors of
Semi-IPN and Comb-type Graft Hydrogels Composed of Alginate and Poly( N
-isopropylacrylamide). Polymer 42, 6851–6857. doi:10.1016/S0032-3861(01)00143-4

Junejo, R., Memon, S., Memon, F. N., Memon, A. A., Durmaz, F., Bhatti, A. A., et al.
(2019). Thermodynamic and Kinetic Studies for Adsorption of Reactive Blue
(RB-19) Dye Using Calix[4]arene-Based Adsorbent. J. Chem. Eng. Data 64,
3407–3415. doi:10.1021/acs.jced.9b00223

Kalia, S., and Roy Choudhury, A. (2019). Synthesis and Rheological Studies of a
Novel Composite Hydrogel of Xanthan, Gellan and Pullulan. Int. J. Biol.
Macromolecules 137, 475–482. doi:10.1016/j.ijbiomac.2019.06.212

Khan, A., Othman, M. B. H., Razak, K. A., and Akil, H. M. (2013). Synthesis and
Physicochemical Investigation of Chitosan-PMAA-Based Dual-Responsive
Hydrogels. J. Polym. Res. 20, 1–8. doi:10.1007/s10965-013-0273-7

Kudaibergenov, S. E., Tatykhanova, G. S., Sigitov, V. B., Nurakhmetova, Z. A.,
Blagikh, E. V., Gussenov, I. S., et al. (2016). Physico-Chemical and Rheological
Properties of Gellan in Aqueous-Salt Solutions and Oilfield Saline Water.
Macromol. Symp. 363, 20–35. doi:10.1002/masy.201500139

Kyzas, G. Z., Bikiaris, D. N., and Lazaridis, N. K. (2009). Selective Separation of
Basic and Reactive Dyes by Molecularly Imprinted Polymers (MIPs). Chem.
Eng. J. 149, 263–272. doi:10.1016/j.cej.2008.11.002

Lei, W., Portehault, D., Liu, D., Qin, S., and Chen, Y. (2013). Porous boron Nitride
Nanosheets for Effective Water Cleaning. Nat. Commun. 4, 1–7. doi:10.1038/
ncomms2818

Li, B., Jiang, X., and Yin, J. (2012). Multi-responsive Microgel of Hyperbranched
Poly(ether Amine) (hPEA-mGel) for the Selective Adsorption and Separation
of Hydrophilic Fluorescein Dyes. J. Mater. Chem. 22, 17976–17983.
doi:10.1039/c2jm33188h

Li, D., Li, Q., Bai, N., Dong, H., and Mao, D. (2017). One-Step Synthesis of Cationic
Hydrogel for Efficient Dye Adsorption and its Second Use for Emulsified Oil
Separation.ACS Sust. Chem. Eng. 5, 5598–5607. doi:10.1021/acssuschemeng.7b01083

Li, M., Wang, Z., and Li, B. (2016). Adsorption Behaviour of congo Red by
Cellulose/chitosan Hydrogel Beads Regenerated from Ionic Liquid.
Desalination Water Treat. 57, 1–11. doi:10.1080/19443994.2015.1082945

Li, P., Song, Y., Wang, S., Tao, Z., Yu, S., and Liu, Y. (2015). Enhanced
Decolorization of Methyl orange Using Zero-Valent Copper Nanoparticles
under Assistance of Hydrodynamic Cavitation. Ultrason. Sonochem. 22,
132–138. doi:10.1016/j.ultsonch.2014.05.025

Li,W., Mu, B., and Yang, Y. (2019). Feasibility of Industrial-Scale Treatment of Dye
Wastewater via Bio-Adsorption Technology. Bioresour. Tech. 277, 157–170.
doi:10.1016/j.biortech.2019.01.002

Liang, X., Wang, X., Xu, Q., Lu, Y., Zhang, Y., Xia, H., et al. (2018). Rubbery
Chitosan/Carrageenan Hydrogels Constructed through an Electroneutrality
System and Their Potential Application as Cartilage Scaffolds.
Biomacromolecules 19, 340–352. doi:10.1021/acs.biomac.7b01456

Liu, S., and Li, L. (2016). Recoverable and Self-Healing Double Network Hydrogel
Based on κ-Carrageenan. ACS Appl. Mater. Inter. 8, 29749–29758. doi:10.1021/
acsami.6b11363

Llanes, L., Dubessay, P., Pierre, G., Delattre, C., andMichaud, P. (2020). Biosourced
Polysaccharide-Based Superabsorbents. Polysaccharides 1, 51–79. doi:10.3390/
polysaccharides1010005

Mah, E., and Ghosh, R. (2013). Thermo-responsive Hydrogels for Stimuli-
Responsive Membranes. Processes 1, 238–262. doi:10.3390/pr1030238

Maity, J., and Ray, S. K. (2017). Removal of Cu (II) Ion from Water Using Sugar
Cane Bagasse Cellulose and Gelatin Based Composite Hydrogels. Int. J. Biol.
Macromolecules, 97, 238–248. doi:10.1016/j.ijbiomac.2017.01.011

Meng, A., Xing, J., Li, Z., and Li, Q. (2015). Cr-Doped ZnO Nanoparticles:
Synthesis, Characterization, Adsorption Property, and Recyclability. ACS
Appl. Mater. Inter. 7, 27449–27457. doi:10.1021/acsami.5b09366

Mohammed, N., Grishkewich, N., Berry, R. M., and Tam, K. C. (2015). Cellulose
Nanocrystal-Alginate Hydrogel Beads as Novel Adsorbents for Organic Dyes in
Aqueous Solutions. Cellulose 22, 3725–3738. doi:10.1007/s10570-015-0747-3

Mohd Azam, N. A. N., and Amin, K. A. M. (2017). The Physical and Mechanical
Properties of Gellan Gum Films Incorporated Manuka Honey as Wound
Dressing Materials. IOP Conf. Ser. Mater. Sci. Eng. 209, 012027.
doi:10.1088/1757-899X/209/1/012027

Murgai, P., Sharma, P., Sachdeva, M. U. S., Bose, P. L., Gupta, M., Das, R., et al.
(2020). A Flow Cytometric Cell-Cycle Assay Using Methyl green. Anal.
Biochem. 601, 113782. doi:10.1016/j.ab.2020.113782

Osmałek, T., Froelich, A., and Tasarek, S. (2014). Application of Gellan Gum in
Pharmacy and Medicine. Int. J. Pharmaceutics 466, 328–340. doi:10.1016/
j.ijpharm.2014.03.038

Pandey, S., Do, J. Y., Kim, J., and Kang, M. (2020). Fast and Highly Efficient
Removal of Dye fromAqueous Solution Using Natural Locust Bean Gum Based
Hydrogels as Adsorbent. Int. J. Biol. Macromolecules 143, 60–75. doi:10.1016/
j.ijbiomac.2019.12.002

Patil, N. V., and Netravali, A. N. (2019). Enhancing Strength ofWool Fiber Using a
Soy Flour Sugar-Based "Green" Cross-Linker. ACS Omega 4, 5392–5401.
doi:10.1021/acsomega.9b00055

Frontiers in Chemistry | www.frontiersin.org October 2021 | Volume 9 | Article 76168215

Srivastava and Roy Choudhury Novel Tri-Composite Hydrogel for Dye Adsorption

https://doi.org/10.5772/64140
https://doi.org/10.1007/S13204-012-0127-3
https://doi.org/10.1007/S13204-012-0127-3
https://doi.org/10.1016/j.ijbiomac.2018.06.110
https://doi.org/10.1016/j.polymer.2018.05.071
https://doi.org/10.1016/j.polymer.2018.05.071
https://doi.org/10.1021/ma102801f
https://doi.org/10.1016/j.cej.2011.12.021
https://doi.org/10.1016/j.carbpol.2018.07.080
https://doi.org/10.1016/j.carbpol.2018.07.080
https://doi.org/10.1016/j.msec.2019.110258
https://doi.org/10.1021/ma302330w
https://doi.org/10.1016/j.ijbiomac.2018.02.126
https://doi.org/10.1016/j.cherd.2012.08.014
https://doi.org/10.1039/c8ta04722g
https://doi.org/10.1007/s10570-020-03074-0
https://doi.org/10.3390/polym10111221
https://doi.org/10.1016/j.compositesb.2019.03.082
https://doi.org/10.1016/S0032-3861(01)00143-4
https://doi.org/10.1021/acs.jced.9b00223
https://doi.org/10.1016/j.ijbiomac.2019.06.212
https://doi.org/10.1007/s10965-013-0273-7
https://doi.org/10.1002/masy.201500139
https://doi.org/10.1016/j.cej.2008.11.002
https://doi.org/10.1038/ncomms2818
https://doi.org/10.1038/ncomms2818
https://doi.org/10.1039/c2jm33188h
https://doi.org/10.1021/acssuschemeng.7b01083
https://doi.org/10.1080/19443994.2015.1082945
https://doi.org/10.1016/j.ultsonch.2014.05.025
https://doi.org/10.1016/j.biortech.2019.01.002
https://doi.org/10.1021/acs.biomac.7b01456
https://doi.org/10.1021/acsami.6b11363
https://doi.org/10.1021/acsami.6b11363
https://doi.org/10.3390/polysaccharides1010005
https://doi.org/10.3390/polysaccharides1010005
https://doi.org/10.3390/pr1030238
https://doi.org/10.1016/j.ijbiomac.2017.01.011
https://doi.org/10.1021/acsami.5b09366
https://doi.org/10.1007/s10570-015-0747-3
https://doi.org/10.1088/1757-899X/209/1/012027
https://doi.org/10.1016/j.ab.2020.113782
https://doi.org/10.1016/j.ijpharm.2014.03.038
https://doi.org/10.1016/j.ijpharm.2014.03.038
https://doi.org/10.1016/j.ijbiomac.2019.12.002
https://doi.org/10.1016/j.ijbiomac.2019.12.002
https://doi.org/10.1021/acsomega.9b00055
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Qi, C., Zhao, L., Lin, Y., andWu, D. (2018a). Graphene Oxide/chitosan Sponge as a
Novel Filtering Material for the Removal of Dye from Water. J. Colloid Interf.
Sci. 517, 18–27. doi:10.1016/j.jcis.2018.01.089

Qi, X., Wu, L., Su, T., Zhang, J., and Dong, W. (2018b). Polysaccharide-based
Cationic Hydrogels for Dye Adsorption. Colloids Surf. B: Biointerfaces 170,
364–372. doi:10.1016/j.colsurfb.2018.06.036

Rafatullah, M., Sulaiman, O., Hashim, R., and Ahmad, A. (2010). Adsorption of
Methylene Blue on Low-Cost Adsorbents: A Review. J. Hazard. Mater. 177,
70–80. doi:10.1016/j.jhazmat.2009.12.047

Richa, R., and RoyChoudhury, A. (2019a). Synthesis and Rheological Characterization of
aNovel ThermostableQuick SettingCompositeHydrogel of Gellan and Pullulan. Int.
J. Biol. Macromolecules 125, 979–988. doi:10.1016/j.ijbiomac.2018.12.147

Richa, R., and Roy Choudhury, A. (2020b). Synthesis of a Novel Gellan-
Pullulan Nanogel and its Application in Adsorption of Cationic Dye from
Aqueous Medium. Carbohydr. Polym. 227, 115291. doi:10.1016/
j.carbpol.2019.115291

Rizwan, M., Yahya, R., Hassan, A., Yar, M., Azzahari, A., Selvanathan, V., et al.
(2017). pH Sensitive Hydrogels in Drug Delivery: Brief History, Properties,
Swelling, and Release Mechanism, Material Selection and Applications.
Polymers 9, 137. doi:10.3390/polym9040137

Saghian, M., Dehghanpour, S., and Sharbatdaran, M. (2020). Unique and Efficient
Adsorbents for Highly Selective and Reverse Adsorption and Separation of
Dyes via the Introduction of SO3H Functional Groups into a Metal-Organic
Framework. RSC Adv. 10, 9369–9377. doi:10.1039/c9ra10840h

Satlaoui, Y., Trifi, M., Fkih Romdhane, D., Charef, A., and Azouzi, R. (2019).
Removal Properties, Mechanisms, and Performance of Methyl Green from
Aqueous Solution Using Raw and Purified Sejnane Clay Type. J. Chem. 2019,
1–15. doi:10.1155/2019/4121864

Su, T., Wu, L., Zuo, G., Pan, X., Shi, M., Zhang, C., et al. (2020). Incorporation of
Dumbbell-Shaped and Y-Shaped Cross-Linkers in Adjustable Pullulan/
polydopamine Hydrogels for Selective Adsorption of Cationic Dyes.
Environ. Res. 182, 109010. doi:10.1016/j.envres.2019.109010

Tretinnikov, O. N., Ohta, K., and Stepanov, B. I. (2002). Conformation-Sensitive
Infrared Bands and Conformational Characteristics of Stereoregular
Poly(methyl Methacrylate)s by Variable-Temperature FTIR Spectroscopy.
Macromolecules, 35, 7343–7353. doi:10.1021/ma020411v

Unnithan, M. R., and Anirudhan, T. S. (2001). The Kinetics and Thermodynamics
of Sorption of Chromium(VI) onto the Iron(III) Complex of a Carboxylated
Polyacrylamide-Grafted Sawdust. Ind. Eng. Chem. Res. 40, 2693–2701.
doi:10.1021/ie0009740

Wang, K., Fu, Q., Chen, X., Gao, Y., and Dong, K. (2012). Preparation and
Characterization of pH-Sensitive Hydrogel for Drug Delivery System. RSC Adv.
2, 7772–7780. doi:10.1039/c2ra20989f

Wu, L., Liu, X., Lv, G., Zhu, R., Tian, L., Liu, M., et al. (2021). Study on the
Adsorption Properties of Methyl orange by Natural One-Dimensional Nano-
mineral Materials with Different Structures. Sci. Rep. 11(1), 1–11. doi:10.1038/
s41598-021-90235-1

Xiao, J., Lv, W., Xie, Z., Tan, Y., Song, Y., and Zheng, Q. (2016). Environmentally
Friendly Reduced Graphene Oxide as a Broad-SpectrumAdsorbent for Anionic
and Cationic Dyes via π-π Interactions. J. Mater. Chem. A. 4, 12126–12135.
doi:10.1039/c6ta04119a

Yang, H., Sheikhi, A., and Van De Ven, T. G. M. (2016). Reusable Green Aerogels
from Cross-Linked Hairy Nanocrystalline Cellulose and Modified Chitosan for
Dye Removal. Langmuir 32, 11771–11779. doi:10.1021/acs.langmuir.6b03084

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Srivastava and Roy Choudhury. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org October 2021 | Volume 9 | Article 76168216

Srivastava and Roy Choudhury Novel Tri-Composite Hydrogel for Dye Adsorption

https://doi.org/10.1016/j.jcis.2018.01.089
https://doi.org/10.1016/j.colsurfb.2018.06.036
https://doi.org/10.1016/j.jhazmat.2009.12.047
https://doi.org/10.1016/j.ijbiomac.2018.12.147
https://doi.org/10.1016/j.carbpol.2019.115291
https://doi.org/10.1016/j.carbpol.2019.115291
https://doi.org/10.3390/polym9040137
https://doi.org/10.1039/c9ra10840h
https://doi.org/10.1155/2019/4121864
https://doi.org/10.1016/j.envres.2019.109010
https://doi.org/10.1021/ma020411v
https://doi.org/10.1021/ie0009740
https://doi.org/10.1039/c2ra20989f
https://doi.org/10.1038/s41598-021-90235-1
https://doi.org/10.1038/s41598-021-90235-1
https://doi.org/10.1039/c6ta04119a
https://doi.org/10.1021/acs.langmuir.6b03084
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Green Synthesis of pH-Responsive, Self-Assembled, Novel Polysaccharide Composite Hydrogel and Its Application in Selective  ...
	Introduction
	Materials and Methods
	Materials
	Preparation of Hydrogel
	Characterization of Tri-Composite Hydrogel
	Fourier Transform Infrared (FT-IR) Spectroscopy
	Dynamic Rheological Behavior
	Thermogravimetric Analysis

	Swelling Behavior of Tri-Composite Hydrogel
	pH-Responsive Swelling of the Tri-Composite Hydrogel
	Adsorption Performance of Hydrogel
	Selective Separation of Synthetic Dyes
	Reusability of the Hydrogel
	Field Emission Scanning Electron Microscopy (FESEM) Analysis

	Results and Discussion
	Preparation of Hydrogel
	Characterization of Tri-Composite Hydrogel
	Determination of Cross-Linking Among Hydrogel
	Dynamic Rheological Behavior
	Determination of Thermal Stability

	Swelling Behavior of Tri-Composite Hydrogel
	Effect of Temperature
	Effect of pH

	pH-Responsive Swelling of Tri-Composite Hydrogel
	Adsorption Performance of Hydrogel
	Adsorption Isotherm
	Adsorption Kinetics
	Adsorption Thermodynamics
	Evaluation of Ionic Dyes Separation
	Reusability of the Hydrogel
	Analysis of Surface Morphology
	Mechanism of Dye Adsorption and Desorption

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


