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ABSTRACT
The present study focuses on the synthesis of Xanthan Gum (XG-g-PAAcoAM),
Lignosulphonate sodium salt (LS-g-PAAcoAM), and their combination (XG/LS-
g-PAAcoAM) based hydrogels by grafting them onto acrylic acid and acrylamide.
These hydrogels were investigated for their effectiveness in removing dyes from
textile industries. The results demonstrate the reliability of the hydrogels,
achieving a removal rate of over 91% when a dosage of 0.2 g was used in a 20 ml
solution of Methylene blue dye over a period of 7 hours. The hydrogels have been
characterized by using Fourier Transform Infrared Spectroscopy, Scanning
Electron Microscopy, Thermogravimetric Analysis, and X-ray Diffraction
Analysis. The adsorption behaviour of hydrogels was analysed using three
common isotherm models: Langmuir, Freundlich, and Temkin. The Freundlich
isotherm model exhibits the highest level of fit as evidenced by the R? value of
0.99. This study offers a comparative analysis of using these natural polymers as
raw materials for hydrogel synthesis and highlights their potential as efficient

adsorbents for wastewater treatment applications.

Keywords: Adsorption, Hydrogels, Methylene Blue
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CHAPTER 1

INTRODUCTION

Hydrogels are three-dimensional polymeric networks that possess unique absorbent
properties and retain water while maintaining their structural integrity. This water
absorption capability is facilitated by the presence of hydrophilic functional groups within
the polymer[1]. The cross-linking of network chains within the hydrogel structure further
contributes to their stability and prevents dissolution. Due to their unique characteristics,
hydrogels have found extensive applications in various fields. The ability to swell in
water, biocompatibility, and hydrophilicity make them highly desirable materials.
Hydrogels have been widely utilized in biological, medical, pharmacological, and

environmental sciences among other disciplines[2].

Water pollution and scarcity of freshwater supplies are two of the world’s
most critical problems, threatening economic growth and environmental health. Industrial
wastewater has received considerable attention due to its high pollution level and
effective treatment challenges. Currently, dyes are used in every step of manufacturing
both industrial items and consumer products. According to estimates, there are presently
more than 100,000 varieties of synthetic dyes that are commercially accessible, with an
estimated 700,000 tonnes of production per year. These dyes are mostly used in textiles,
cosmetics, plastics, and printing industries[3]. The majority of the pollutants in textile
effluent originate from the dyeing process. The textile industry produces brightly
coloured, highly organic dyeing and finishing wastes. Nearly every type of dye is harmful,
carcinogenic, and mutagenic, therefore it can impair human well-being[4]. Unfortunately,
only a percentage of the chemicals included in dye mixtures may be used effectively in
reactions. As a result, dye-containing wastewater penetrates the aquatic environment,

contaminating the area’s soil ecosystem and the growth of flora and fauna[3].

According to studies, the organic cationic dye methylene blue (MB) results

in cyanosis, jaundice, tissue necrosis, and nerve damage, in addition to causing nausea
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and vomiting. Generally, dyes have a complex structure, and their degradation in nature
is usually very slow, leading to their accumulation. So, removing the dye before the
effluent is discharged into natural water bodies is pivotal[1]. To minimize the detrimental
effects of manufacturing and textile effluents, clean techniques with affordable prices and
biodegradable adsorbents may be beneficial. Because of its inexpensiveness, efficiency,
simplicity, and environmental friendliness, the adsorption technique is preferred for dye
removal[5]. However, the adsorption efficiency is mainly governed by the adsorbent type.
Gels can be employed as water treatment adsorbents. The term “gel” refers to a non-fluid
colloidal network or polymeric network that had its entire volume enlarged by a fluid.
When the fluid is water, this type of gel is known as a hydrogel[1]. Owing to their
excellent water absorption, high porosity, easy handling, and facile preparation, resulting
in a flexible polymeric network that helps solute diffusion through the structure, they are
widely used as an adsorbent for organic dye removal from wastewater. Considering their
physically distinct, 3-D structures along with their ability to expand many times their
initial volume in aqueous solutions, hydrogels provide a relatively vast surface area for

the adsorption of these organic dyes[3].

These hydrogels polymer backbones can be tailored to incorporate particular
hydrophilic functional groups such as carboxylic acids, amines, amides, or sulphonic
acids, which can act as complexing agents for dyes with opposite charges[3]. Two such
natural polymers that can be used to modify the properties of hydrogels are Xanthan Gum

(XG) and Lignosulphonate Sodium salt (LS)

XG is a natural polymer that has received a lot of attention in both the
academic and industrial worlds. XG is an anionic polysaccharide derived from
Xanthomonas campestris[6]. XG 1is considered an efficient polyelectrolyte primarily
because of the presence of tuneable hydroxyl (-OH) groups in its structure. These
hydroxyl groups provide XG with unique properties and functionalities. XG has been
widely employed in the pharmaceutical and cosmetic industries as a suspending agent,
providing stability to formulations. Additionally, it is utilized as an additive in the food
industry, where it acts as a thickening agent[7]. The structural unit of XG consists of a
backbone composed of B-(1->4)- linked-D-glucopyranose glycan. The alternate glucose

units in the backbone possess a short branch structure, wherein a glucuronic acid molecule
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is sandwiched between two mannose units. This branching structure contributes to the

overall properties and functionalities of XG[8].

Lignin has gained recognition as a sustainable biomaterial owing to its
polyphenolic characteristics. It possesses a complex and highly branched structure,
consisting of phenolic and aliphatic hydroxyl groups. These functional groups make
lignin an attractive material for various chemical modifications and reactions, enabling
the development of new bio-based materials[9]. The presence of hydrophilic functional
groups on the chemical structure of lignin promotes its role as a polymer for hydrogel
preparation, thereby justifying its application in agriculture, water, and soil pollution
treatment, and as an adsorbent product. Biocompatibility, non-toxicity, and
biodegradability are inherent properties of XG and chemical modifications such as
crosslinking can help us design XG and LS mixture hydrogels to be used for various
applications. Due to its aromatic properties and functional groups (alcoholic and phenolic
hydroxyl groups), chemical treatments such as cross-linking and graft copolymerization
are needed to make LS insoluble in water and boost their adsorption properties to improve

their usage for adsorbing cationic dyes[10].

The present study focuses on the synthesis of Xanthan and Lignin-based
hydrogels along with their combination for a comparative MB dye adsorption study using

these hydrogels.



CHAPTER-2

LITERATURE REVIEW

Hydrogels are three-dimensional networks of polymers, which can be
composed of either natural or synthetic materials. One of the peculiarities of hydrogels is
their high-water content, which imparts them with a significant degree of flexibility.
Under physiological conditions, hydrogels can absorb and retain a substantial amount of
water or biological fluids[11]. The soft and flexible nature of hydrogels makes them an
ideal substance for various uses, including biomedical applications such as tissue
engineering, drug delivery systems, wound dressings, and contact lenses. Additionally,
hydrogels can be engineered to exhibit specific properties, such as controlled release of
drugs or bioactive molecules, responsiveness to external stimuli e.g., temperature, pH, or
light, and selective permeability. These characteristics further expand the range of
applications for hydrogels in fields such as biosensors, actuators, and smart

materials[6,7].

In recent decades, there have been significant advancements in the field of
hydrogels as functional biomaterials. Initially, the biomedical application of hydrogels
faced challenges such as the toxicity of crosslinking agents and difficulties in forming
hydrogels under physiological conditions. However, with the progress in polymer
chemistry and a better understanding of biological processes, researchers have been able
to design versatile materials and develop minimally invasive therapies[12]. Fig.1 shows

diverse applications of hydrogels[13].
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2.1 Classification of Hydrogels

Hydrogels can be classified according to their source natural or synthetic, polymer
composition, cross-linking methods such as physical or chemical, ionic charge, and

response to stimuli. Fig.2 shows the classification of hydrogels[14].

Hydrogel
Preparation lonic Charge Source Cross Linking Response
\ J |
Co-oplymer Directors Natural Physical Chemically
| Crosslinking Responsive
!
Homoppolymer cationic : - Biochemical
Synthetic Chemical 5
Crosslinking feseoneis
1 |
Anionic 3 Physically
Hybrid Responsive
[
Non-ionic

Fig.2 Classification of Hydrogels



2.2 Natural gum source

Xanthan Gum

Polysaccharides derived from renewable sources have gained significant attention due to
their favorable properties such as non-toxicity, biocompatibility, biodegradability, and
bio-adhesive nature. These qualities have led to their wide applications in various
industries including food, pharmaceutical, biomedical, and cosmetics. Among these
polysaccharides, XG has garnered particular interest over the past two decades[8]. It is a
high molecular weight polymer produced through fermentation by the bacterium
Xanthomonas campestris. The structural unit of XG consists of a backbone composed of
B-(1->4)- linked-D-glucopyranose glycan, to which a trisaccharide side chain is attached.
The unique chemical structure of XG contributes to its desirable properties and
functionality. It imparts excellent thickening, stabilizing, and emulsifying properties. Its
ability to form viscous solutions and gels in aqueous environments is particularly valuable
in food formulations, where it provides texture, stability, and suspension properties[6].

Fig.3 shows the structure of XG[15].
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Fig.3 Chemical Structure of Xanthan Gum (XG)



2.3 Natural polymer source

Lignin

Lignin is one of the three major components that constitute the cell walls of natural
lignocellulosic plants, the second most abundant and the only polyaromatic
biopolymer[16]. The backbone of lignin is composed of three primary phenyl-propane
monomers, which are sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol. Fig.4
shows lignin precursors[17]. These monomers undergo enzymatic and chemical

reactions, resulting in the formation of complex three-dimensional polymer networks|[18].

In addition to abundance in plants, lignin is a significant by-product of the
paper and pulp industry. In recent years, there has been a growing interest in utilizing
lignin for the production of functional materials owing to the inherent properties of lignin
such as biocompatibility, eco-friendliness, low toxicity, and sensitivity to enzymatic
degradation[19]. The biocompatibility of lignin makes it suitable for use in biomedical
and biomaterials. Its eco-friendliness stems from being a renewable and sustainable
resource, as it is derived from plant biomass. Lignin’s sensitivity to enzymatic
modifications has spurred the potential use of lignin, its application, and its utilization in

research and development[10].

CH,0H

OH

p-coumaryl alcohol coniferyl alcohol sinapyl alcohol

Fig.4 Lignin precursors



2.4 Xanthan gum-based hydrogel

XG is a polysaccharide that owing to its characteristic groups shows inherent behavior as
a thickening agent, emulsifier, and stabilizer. Apart from this, XG also displays varied
applications in drug delivery, tissue engineering scaffolds, etc. Table 1 represents already

reported Xanthan gum-based materials and their applications.

Table 1 Reported Xanthan Gum based hydrogels and their applications

Source Form Application References
Xanthan Gum | Hydrogel Controlled [20]
& Starch drug delivery
Xanthan gum | Hydrogel Dye removal [21]
as a high-

capacity

adsorbent

Xanthan & | Interpenetrating | Enhanced drug | [22]
Sodium network beads | release
carboxymethyl

cellulose

Xanthan Gum | Matrix Soil [23]
& soil strengthening




2.5 Lignin-based hydrogels

The hydrogel made from natural polymers has the advantages

10

of 1inherent

biocompatibility and biodegradability. Bio-based hydrogels have been used in food,

biomedical, cosmetics, and pharmaceutical applications. Table 2 shows lignin uses in

varied fields.

Table 2 Reported Lignin-based hydrogels and their applications

Hydrogel Application References
Lignin Drug-eluting [24]
antimicrobial
coatings for medical
materials
Lignin hydrogels and | Water  purification | [25]
nanocomposites and  metal ion
removal
Chitosan-alkali lignin | Wound healing [26]
Lignin Agriculture [27]
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CHAPTER 3

MATERIALS METHODOLOGY

3.1 Material

Lignosulfonic acid sodium salt (LS) was obtained from Sigma Aldrich, acrylic acid (AA)
acrylamide (AM), potassium persulfate (KPS) & N, N’-methylene bisacrylamide (MBA)
was obtained from Central Drug House Private Ltd., and sodium hydroxide (NaOH) was
obtained from Fisher Scientific. Xanthan gum (XG) was obtained from the local market.
Methylene blue dye (MB) was also obtained from Central Drug House Private Limited.

All chemicals were of analytical grade and all solutions were prepared in deionized water.

3.2 Synthesis of Xanthan Gum-Based Lignin Hydrogels

In this study, XG/LS-g-PAAcoAM, XG-g-PAAcoAM, and LS-g-PAAcoAM hydrogels
were synthesized through a copolymerization process using acrylic acid (AA) and
acrylamide (AM) as monomers and MBA as a crosslinking agent. The synthesis process
began by preparing a mixture of XG/LS (0.1 g each), AM (0.1 g), and AA, which was
neutralized with an equivalent amount of NaOH. To initiate the polymerization reaction,
KPS (0.1g) was added as an initiator. The reaction mixture was then stirred for 2 hours to
ensure proper mixing and initiation of the polymerization process. After the initial
stirring, 0.2 g MBA was added to the solution, and the reaction mixture was stirred again
for 2 hours for cross-linking. The resulting solution was then transferred to a test tube and
placed in a preheated water bath at 60 °C until the hydrogels solidified. Subsequently,
hydrogels were sliced into thin pieces and immersed in distilled water to remove
unreacted monomers, if any. The hydrogel was then dried in the oven at 60 °C and
subsequently used for swelling and dye adsorption experiments. XG-g-PAAcoAM and
LS-g-PAAcoAM were also prepared following the above procedure and adsorption

studies were performed similarly.
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3.3 Characterization

3.3.1 FTIR- Fourier transform infrared spectroscopy (FTIR) analysis was conducted

using Perkin Elmer spectrum version 10.5.3 in the spectral range of 500-4000cm™.

3.3.2 SEM- The surface morphology and chemical composition of XG/LS-g-PAAcoAM,
XG-g-PAAcoAM, and LS-g-PAAcoAM samples were examined using (Model: JEOL JS-
6610LV). Samples were coated with gold and SEM was operated at 20 kV accelerating

voltage up to 5,000x magnifications.

3.3.3 TGA- The thermo-gravimetric analysis (TGA) was performed using a PerkinElmer
model TGA 4000 thermo-gravimetric analyzer under an N> atmosphere. The analysis
involved a uniform heating rate of 10°C/min of starting from 25°C and reaching a

maximum temperature of 800°C.

3.3.4 XRD- X-ray diffraction (XRD) patterns were obtained using an Expert Pro MRD
analytical X-Ray diffractometer. The diffraction angle was analyzed at 40KV in the

scanning range of 5° to 80°.

UV-Visible spectrophotometer- The UV-Visible absorption spectra were recorded using a
UV-1800 spectrophotometer manufactured by Shimadzu, Japan.
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3.4 Swelling Index

The swelling index of the hydrogel was assessed by submerging dry hydrogel pellets of
XG-g-PAAcoAM, LS-g-PAAcoAM & XG/LS-g-PAAcoAM (each weighing 0.1 g) in 200
ml of deionized water. At regular intervals, the swollen hydrogel was removed and
weighed until a constant weight was attained. Excess water present on the surface of the
hydrogel was gently dabbed with tissue paper. The swelling index (SI) was calculated

using the formula-

L. g\ Ws—Wy
Swelling index (—) =— 1
g 7 W, €Y)

where (W)= weight of swollen hydrogel, (Wq)= weight of dried hydrogel

Fig.5 (a) Dried hydrogel (b) Swollen Hydrogel
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3.5 Adsorption experiments

In this study, XG-g-PAAcoAM, LS-g-PAAcoAM & XG/LS-g-PAAcoAM hydrogels
were employed as adsorbents to evaluate the adsorption of Methylene blue (MB) dye.
The absorbance of the dye solutions was measured at Amax of 664 nm using a UV-VIS
spectrophotometer. The adsorption experiments were carried out by introducing a
predetermined amount of adsorbent into a 20 mL solution of MB dye, which was then

stirred for 7 hours at a temperature of 25 °C.

To estimate the percentage removal of MB dye (% R), amount of MB dye
adsorbed at equilibrium (qe), and amount of MB dye adsorbed at time t (q;), the following

equations were employed

%R = C, — C,C, (2)
de = (Co - Ce)VW (3)
q: = (C, — CHVW 4)

Where ge and q¢ stand for the amount of MB dye (mg/g) adsorbed onto adsorbents at
equilibrium and at any time t, C, (mg/L), C; (mg/L), C. (mg/L), W (g), and V (L) are the
initial concentration, concentration at time t, equilibrium concentration, mass of

adsorbent and volume of MB dye solution respectively[28].
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CHAPTER 4

RESULT & DISCUSSION

4.1 Synthesis

The hydrogel used in the study was prepared by grafting acrylamide (AM) and sodium
acrylate onto Xanthan Gum (XG) and lignosulfonate (LS) using potassium persulfate
(KPS) as an initiator and (N, N-MBA) as a crosslinking agent. The synthesis of the
hydrogels followed a free radical mechanism, where KPS, upon heating, generated free
radicals that initiated the radical formation and further crosslinking of the polymeric chain
was done by N, N-MBA, ultimately terminating the reaction. The interaction between the
amino and carboxyl groups of AM and sodium acrylate led to the restructuring of XG
molecules, resulting in the formation of hydrogels[29]. The grafting of acrylic acid and
acrylamide onto LS and XG was confirmed through FT-IR studies. FT-IR analysis
involves studying the infrared absorption spectra of hydrogel samples, which provides
information about the chemical bond and functional groups present in the hydrogel
structure. The presence of characteristic peaks in the FT-IR spectra indicates the
successful grafting of AA and AM onto LS and XG, confirming the modification of the

polymers and the formation of hydrogels.

Fig.6 Synthesized hydrogels
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4.2 Characterisation
4.2.1 FTIR

The FT-IR spectra of XG-g-PAAcoAM, LS-g-PAAcoAM, and XG/LS-g-PAAcoAM, as
shown in Fig.7, exhibit several characteristic absorption bands. These bands provide
information about the functional groups and chemical bonds present in the hydrogels.
One prominent absorption band observed in all three spectra is located at approximately
3307 cm™!, 3305 cm™ and 3308 cm™!, respectively. This absorption band corresponds to
the O-H stretching vibrations, indicating the presence of hydroxyl groups in the
hydrogels. Additionally, there are absorption bands observed at around 2914 cm™!, 2933
cm™ and 2987 cm™! in the spectra of XG-g-PAAcoAM, LS-g-PAAcoAM, and XG/LS-g-
PAAcoAM, respectively. These bands are attributed to the C-H stretching vibrations of (-
CHb») and (-CH3) groups, indicating the presence of alkyl chains in the hydrogels[10]. The
band observed at 1028 c¢cm™ is attributed to the presence of an ether linkage in the
hydrogels. The intensity of this absorption band is more pronounced in XG-g-PAAcoAM
compared to LS-g-PAAcoAM and XG/LS-g-PAAcoAM. This difference in intensity can
be attributed to the presence of an anomeric carbon in XG. The absorption band observed
at approximately 1560 cm™! can be associated with the vibrations of the aromatic skeleton.
Another notable band observed in the spectra is located at around 1677 cm™ in XG-g-
PAAcoAM, 1670 cm™ in LS-g-PAAcoAM, and 1664 cm™ in XG/LS-g-PAAcoAM. This
particular band corresponds to the C=O stretching vibration of the carboxylate ion,
indicating the presence of carboxylate functional groups in the hydrogels[30]. These
observations demonstrate that grafting occurred, resulting in the modification of the
polymer structures. So, it can be concluded that XG, LS, and XG/LS are effectively
grafted with AA and AM.
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Fig.7 FTIR Analysis of XG-g-PAAcoAM, LS-g-PAAcoAM and XG/LS-g-PAAcoAM
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4.2.2 SEM

The surface morphologies of XG-g-PAAcoAM, LS-g-PAAcoAM & XG/LS-g-
PAAcoAM are depicted in Fig. 8 SEM micrograph of XG-g-PAAcoAM shows uneven
surface morphology as shown in fig. (a) while that of LS-g-PAAcoAM shows a granular
surface as shown in fig (b). In Fig (c) heterogenous, rough, granular, and porous surface
is observed which further signifies that adsorption can take place easily on XG/LS-g-
PAAcoAM.

S330
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Fig.8 SEM images of (a) XG-g-PAAcoAM, (b) LS-g-PAAcoAM and (¢) XG/LS-g-
PAAcoAM
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423 TGA

The first stage resulted in a 7% weight loss for all three hydrogels which occurred up to
250 °C owing to the loss of physically adsorbed water[10]. In the second stage, around
250-450 °C, 21% weight loss occurred because of the decomposition of small molecules
of LS present. The main breakdown process is shown by lignin's inclusion into xanthan
forming XG/LS-g-PAAcoAM hydrogel which occurred in the temperature range of 320-
450 °C. The third mass loss step observed in the temperature range of 552 -600°C is the
range where the majority of weight loss (about 50%) occurred as shown in Fig.9. This
relatively wide decomposition range indicates a slow rate of evolution of the volatile
decomposition products [30]. The residual mass obtained was 53.25 %, 56.046 % &
57.829 % for XG-g-PAAcoAM, LS-g-PAAcoAM & XG/LS-g-PAAcoAM respectively.
Thus, the thermally most stable hydrogel observed was XG/LS-g-PAAcoAM.
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Fig.9 TGA curves of for XG-g-PAAcoAM, LS-g-PAAcoAM & XG/LS-g-PAAcoAM
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4.2.4 XRD

The X-ray diffractogram analysis of the synthesized hydrogels, namely XG-g-
PAAcoAM, LS-g-PAAcoAM, and XG/LS-g-PAAcoAM reveals important information
about their structural characteristics as shown in Fig.10. In the X-ray diffractogram of
XG-g-PAAcoAM, a broad, noisy peak is observed around 22°. This peak indicates the
lack of long-range order in the hydrogel. The broadening and noise in the peak suggest
the amorphous nature of XG-g-PAAcoAM hydrogel. Similarly, for XG/LS-g-PAAcoAM,
a peak around 22° is also observed but with a lower intensity. In contrast, LS-g-
PAAcoAM does not show any prominent peak which further confirms the amorphous
nature of hydrogel. Based on the above XRD analysis, it can be concluded that none of

the three synthesized hydrogels exhibit a sharp peak, indicating their amorphous nature.
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Fig.10 XRD pattern of XG-g-PAAcoAM, LS-g-PAAcoAM & XG/LS-g-
PAAcoAM
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4.3 Swelling Index

The swelling behavior of hydrogels was investigated in different aqueous media with pH
values of 4.0, 9.0, and in deionized water (DI). The results of the swelling index (SI) are

shown in Fig.11. The plot demonstrates the change in the equilibrium swelling index (SI)

with varying pH levels.
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The reduced swelling of hydrogels in an acidic medium Fig. (a) may be attributed to the
improper ionization of the cross-linked network. The acidic environment hinders the
ionization of functional groups within the hydrogel structure, leading to reduced
electrostatic repulsions and, consequently lesser swelling. Under alkaline conditions (pH
9), the presence of carboxylate ions (-COQO") promotes electrostatic repulsion, creating
larger gaps within the hydrogel structure. These larger interspaces allow for higher water

uptake by the hydrogels, leading to increased swelling and consequently a higher SI.
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Fig.11 Swelling Index (a)At pH 4 (b) At pH 9 (¢) DI
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4.4 Adsorption Isotherms

Adsorption isotherms are useful in the interpretation of the distribution of adsorbate(dye)
molecules between the adsorbent surface and solution phase at equilibrium. By examining
the interaction between adsorbate and adsorbent, adsorption isotherms provide insights
into the adsorption capacity of the adsorbent[31]. Here, Langmuir, Freundlich, and

Temkin model has been deployed.

The Langmuir isotherm is a model that is suitable for describing monolayer

adsorption on a homogenous site and the Langmuir isotherm’s linear form is as follows-

1 1 1

de 4qo QobCe

(5)

where the Langmuir constants b (L/mg) and q, (mg/g) denote the adsorption rate and
capacity, respectively. The Langmuir parameters can be determined by plotting a linear
graph between 1/qe and 1/Ce and calculating the intercept (1/qo0) and slope (1/qob) values.
Here, C. (mg/L) represents the equilibrium concentration, and q. (mg/g) represents the

quantity of MB dye adsorbed at equilibrium.

The dimensionless separation factor (Rr) is a parameter utilized to assess the favourability

of the reaction. The interpretation of (Rr) values is given as follows-

(O<Ry,1) indicates favourable process, (R.>1) indicates unfavorable process, (Ri=1)
indicates linear adsorption, and (Rp=0) indicates irreversible adsorption[32]. The

equation used to calculate Ry is

R, = (6)

where C, denotes the initial MB dye concentration.

The Freundlich isotherm model suggests that heterogeneous surfaces of adsorbents
undergo multilayer adsorption. Initially, the stronger binding sites are predominantly
utilized, and the strength of the binding is primarily governed by the equilibrium

concentration of the adsorbates. The linear equation for Freundlich isotherm is
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1
Inq, = InKy + ElnCe (7

where the Freundlich constant, K¢ [mg/g(L/gm)'] gives an idea about bonding energy,
adsorption capacity and quantity of adsorbate (MB) adsorbed at equilibrium. A value of
I/n represents adsorption intensity or surface heterogeneity and a value of n lying between

1 to 10 suggests the favourability of the adsorption process.

The Temkin isotherm describes the indirect adsorbate-adsorbate interactions and implies
that, as a result of these interactions, the heat of adsorption reduces linearly with coverage.

The following equation (8) represents a linear form of Temkin isotherm.
q = BlnAr + BInC, (8)

_RT

B = —
br

where equilibrium binding constant At represents maximum binding energy, and B is a
constant that signifies adsorption heat. The linear plot of ge against In C. gives slope B

and intercepts BInAt from which the value of B and At can be calculated[31].

Adsorption isotherm studies are significant as they offer insights into the
adsorbent and adsorbate interaction. The value of the regression coefficient (R?) of
isotherm plots can be used to assess the reliability of the adsorption isotherm model by
fitting experimental data to their equations. Fig.12 depicts the plots of Langmuir,
Freundlich, and Temkin models and Table 3 presents the calculated parameters. From the
calculated data, it may be inferred that although the experimental data for all three
adsorbents fits well to Langmuir, Freundlich, and Temkin models, the best fit was
observed to be with the Freundlich model, as concluded from the R? values found to be
0.99. The n value lying between 1 and 10 for each adsorbent hints towards the
favourability of the adsorption process and it may be inferred that synthesized hydrogels

can be successfully used for adsorption of MB.



Table 3: Isotherms data for (a)Langmuir (b)Freundlich (¢)Temkin

(a)Langmuir isotherm data

R? b RL
XG-g-PAAcoAM 0.9816 3.22 0.015
LS-g-PAAcoAM 0.9729 4.61 0.01
XG/LS-g- 0.9811 3.08 0.015
PAAcoAM
(b) Freundlich isotherm data
R? n 1/n
XG-g-PAAcoAM 0.9974 2.93 0.34
LS-g-PAAcoAM 0.9903 4.33 0.23
XG/LS-g- 0.9946 2.84 0.35
PAAcoAM
(c) Temkin isotherm data
R? B Ar
XG-g-PAAcoAM 0.9873 1.64 2.71
LS-g-PAAcoAM 0.9847 2.27 2.72
XG/LS-g- 0.972 2.23 2.71

PAAcoAM
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Fig. 12 (i) Langmuir isotherms graph for (a) XG-g-PAAcoAM, (b) LS-g-

PAAcoAM, and (c¢) XG/LS-g-PAAcoAM
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Fig.12 (ii) Freundlich isotherms graph for (a) XG-g-PAAcoAM, (b) LS-g-

PAAcoAM, and (c¢) XG/LS-g-PAAcoAM
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Fig.12 (iii) Temkin isotherms graph for XG-g-PAAcoAM, LS-g-PAAcoAM, and

XG/LS-g-PAAcoAM
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4.5 Effect of contact time on Adsorption

Contact time analysis is essential for evaluating the extent of the reaction of the adsorption
process. The impact of contact duration on MB adsorption by XG/LS-g-PAAcoAM, XG-
g-PAAcoAM, and LS-g-PAAcoAM hydrogel is shown in Fig.13 (a). For this study, the
only variable that was changed was the contact time. All other parameters, including
concentration (20 mg/L), adsorbent dose (0.20 g), temperature (30 °C), and volume (20
mL) were held constant[31]. Fig.13 illustrates the progress of the adsorption process. It
was observed that around 80% of MB was rapidly adsorbed in the first hour followed by
further adsorption over the next 6 hours till adsorption reached equilibrium. At the
equilibrium stage, the removal efficiency was calculated to be 91.29% for XG/LS-g-
PAAcoAM, 86.5 % for XG-g-PAAcoAM, and 93.45 for LS-g-PAAcoAM. This may be
explained based on competition at adsorption sites. Due to the deficiency of enough

empty sites on the adsorbents, the delayed adsorption process was evident[33].
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Fig.13 (a) Effect of contact time on adsorption of MB dye with a) XG/LS-g-
PAAcoAM, b) XG-g-PAAcoAM, and c) LS-g-PAAcoAM hydrogel
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CHAPTER 5

CONCLUSION

In the present study, we have synthesized, characterized, and performed adsorption
studies through XG and LS-based hydrogels and from this study, it can be concluded that
the natural polymer-based hydrogels are good sources to be used as dye adsorbent.
Amongst LS-g-PAAcoAM, XG-g-PAAcoAM, and LS/XG-g-PAAcoAM hydrogels, LS-
g-PAAcoAM was found to have better swelling, hence adsorption capacity and
percentage dye removal. The adsorption isotherm results for synthesized hydrogels show
the best fit for the Freundlich model (R? value = 0.99) and n was found to be well within
the range 1-10 which determined adsorption to be a favorable process. The optimum
parameters for maximum adsorption were found to be adsorbent dosage (0.2 g), dye
concentration (20 mg/L), pH 7, temperature (300 K), and contact time (7 hours) which
showed that the percentage removal efficiencies of MB were 93.45%, 86.5% and 91.29%
for LS-g-PAAcoAM, XG-g-PAAcoAM, and LS/XG-g-PAAcoAM hydrogels
respectively. The findings of this investigation offer compelling evidence for the potential
application of LS-g-PAAcoAM as a reliable and effective adsorbent for the elimination
of cationic dyes from aqueous solutions. These results highlight the promising nature of

LS-g-PAAcoAM as a viable option in addressing the challenge of cationic dye removal.
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