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Abstract: In the present work, ternary blend hydrogel has been prepared using the thiol modified Cassia fistula 

galactomannan, tragacanth gum, and PEG, cross-linked with glutaraldehyde. The synthesized materials were 

characterized by using FT-IR, FE-SEM, EDX, XRD and TGA. The ternary blend hydrogel possesses a non-

toxic, biodegradable and biocompatible behaviour with low-cost synthesis. The batch adsorption studies of the 

ternary blend hydrogel were performed, for the removal of toxic cationic dye methylene blue (MB). The 

adsorption analysis of MB dye was optimized by varying different batch parameters such as pH, adsorbent dose, 

dye concentration, contact time and temperature. The maximum dye adsorption percentage was achieved up to 

93.17 % for methylene blue dye. 

Index terms: Cassia fistula; tragacanth gum, crosslinking, methylene blue; wastewater 

 

1. INTRODUCTION  

Among the current environmental challenges, the most concerning challenge is the waste water treatment which 

needs a sustainable approach to be cured [1]. Water resources are getting polluted by various toxic 

contaminations like pesticides, organic impurities, dye effluents and heavy metals [2,3]. These pollutants are 

continuously being discharged in water resources in a very large amount making the water content unsafe and 

toxic which causes severe health problems for the public use and other organisms too [4-6]. Industries involved 

in dyeing, textiles, paper manufacturing, plastics, electroplating and mining often release effluents containing 

toxic pollutants and heavy metals, which pose serious threats to both human health and the environment. 

Particularly, dyes and coloring agents, are of significant concern due to their toxic nature and their potential 

carcinogenic and mutagenic effects. The discharge of these pollutants into water bodies can adversely affect 

aquatic ecosystems, disrupt environmental balance, and pose substantial risks to public health [7]. Dyes present 

in industrial effluents are of particular concern, as they can cause various health problems, including allergies, 

skin irritation and potential carcinogenic effects, even at very low concentrations (e.g., 1ppm). Among these 

contaminants, methylene blue, a cationic dye, is widely used as a colouring agent in numerous industrial sectors 

such as textile, pharmaceutical and food-processing industries [8]. Although extensively utilized, the 

uncontrolled discharge of methylene blue into the environment can pose significant ecological and health risks 

due to its toxic nature and persistence. Exposure to methylene blue at elevated concentrations may cause adverse 
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health effects such as skin and eye irritation, dizziness, respiratory discomfort, gastrointestinal disturbance, and 

other health complications [9-12]. Therefore, the efficient removal of methylene blue from wastewater is 

essential for protecting both environmental and public health. Water is an essential natural resource that plays 

a vital role in sustaining life and maintaining ecological balance. However, its quality is increasingly threatened 

by the discharge of industrial wastes and pollutants into water bodies. To address this issue and ensure the 

availability of safe and clean water, effective waste water treatment technologies are required. Among the 

various treatment methods, adsorption has emerged as a simple, efficient, and cost-effective method for the 

removal of contaminants from wastewater [13,14]. Other conventional treatment methods such as 

sedimentation, filtration, disinfection and flocculation, have also been employed to mitigate water pollution 

[15,16]. Nevertheless, these methods, often face limitations in achieving complete purification and may involve 

higher operational costs. 

Consequently, a wide range of adsorbent materials has been developed and investigated for the efficient removal 

of dyes and other harmful pollutants from aqueous solutions [17-19]. This method is simple to implement and 

more cost-effective than many other wastewater treatment techniques. However, the synthesis of adsorbents 

such as polymer-based nanocomposites, biochar, carbon nanotubes, and related materials often involves 

multistep procedures and harsh reaction conditions such as high temperature and long synthesis time [20,21]. 

Natural biopolymers exhibit significant potential owing to their biocompatibility, biodegradability, and non-

toxicity. They are abundantly available in nature and can be extracted and isolated through relatively simple 

and low-cost processes. Consequently, these eco-friendly and cost-effective materials have been extensively 

investigated for addressing a wide range of challenges across various fields. Furthermore, the functionality of 

biopolymers can be enhanced through chemical modification, which introduces new properties and 

characteristics without significantly altering their inherent core attributes, thereby expanding their potential 

applications. 

Natural biopolymer-based adsorbents have emerged as promising alternatives for wastewater treatment due to 

their ease of preparation and environmentally friendly nature. Unlike many synthetic adsorbents, their 

fabrication generally requires milder processing conditions, shorter preparation times, and lower energy input. 

In addition, these materials are cost-effective and exhibit excellent adsorption performance toward a wide range 

of pollutants [20]. Among biopolymer-based adsorbents, hydrogels have gained considerable attention as 

efficient materials for the removal of dyes and other contaminants from aqueous environments. Their low cost, 

simple preparation, and high adsorption capacity make them attractive candidates for wastewater remediation 

applications [19]. Hydrogels are three-dimensional polymeric networks capable of absorbing and retaining large 

amounts of water or aqueous solutions [7,22,23]. The extent of water uptake is influenced by factors such as 

polymer composition, network architecture, and the degree of cross-linking [24,25]. The characteristics and 

performance of hydrogels can be tailored by incorporating specific functional groups into their polymeric 

network. Various modification techniques, including cross-linking and grafting, are commonly employed to 

enhance their mechanical strength, adsorption efficiency, and overall functionality for targeted environmental 

applications [26-28]. 
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Cross-linked hydrogel networks have attracted significant attention owing to their wide range of applications in 

fields such as biomedicine, agriculture, environmental remediation, and water purification [7, 25, 26]. Among 

these applications, their use in environmental engineering is particularly important, as hydrogels provide an 

effective and sustainable approach for the removal of industrial pollutants and other contaminants from water 

resources [7]. To address water pollution challenges, numerous synthetic and naturally derived hydrogels have 

been developed [29,30]. However, hydrogels prepared solely from natural polymers often exhibit limited 

mechanical strength and structural stability, restricting their performance under demanding application 

conditions. To overcome these limitations, researchers have focused on developing hybrid or blended hydrogels 

that combine the advantages of both synthetic and natural polymers [27]. Such composite systems offer 

improved mechanical integrity, enhanced durability, and better functional performance, making them more 

suitable for large-scale and practical applications. Furthermore, the stability and strength of hydrogel networks 

can be further enhanced through the use of crosslinking agents. Various chemical cross-linkers, including 

epichlorohydrin [31], glutaraldehyde [32,33], and genipin [34], have been widely employed to reinforce the 

polymer matrix and improve the overall physicochemical properties of hydrogels. 

Thiolated Cassia fistula gum is a chemically engineered polysaccharide derived from Cassia fistula seed gum 

through the introduction of thiol groups onto its polymeric backbone. The presence of these thiol groups 

significantly improves its water absorption capability, adsorption performance, and network-forming potential 

by facilitating disulfide bond formation. Owing to these enhanced characteristics, thiolated Cassia fistula gum 

has attracted considerable interest as a sustainable biomaterial for the development of hydrogels and pollutant 

removal systems [35]. 

Tragacanth gum is a naturally derived polysaccharide that has gained considerable attention as a sustainable 

material for the fabrication of eco-friendly hydrogels [36-40]. It is obtained from various species of the 

Astragalus plant and possesses a highly branched, heterogeneous molecular structure [41]. The presence of 

abundant hydroxyl and carboxyl functional groups within its polymeric framework allows it to undergo 

chemical and physical modifications, thereby improving its physicochemical properties and expanding its range 

of applications [42,43]. Due to its non-toxic nature, low cost, biodegradability, biocompatibility, and stability 

across a broad pH range, tragacanth gum has emerged as a promising biopolymer for the development of 

environmentally benign materials [44]. 

The present study aims to design and synthesize a novel multicomponent green hydrogel based on a 

biopolymeric matrix and reinforced through cross-linking with a dialdehyde-based cross-linking agent. This 

research was motivated by the growing environmental concern associated with the discharge of toxic dyes into 

aquatic ecosystems. To evaluate its potential as an adsorbent, the synthesized hydrogel was tested for the 

removal of the cationic dye methylene blue from aqueous media. The adsorption performance was 

systematically investigated by examining the effects of several operational parameters, including initial dye 

concentration, solution pH, contact time, temperature, and adsorbent dosage. These studies were conducted to 

assess the efficiency of the hydrogel in removing dye contaminants from wastewater through the adsorption 

process.    
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2. NEED OF THE STUDY 

This study plays a significant role in environmental remediation by treating polluted water which is a major 

factor to be considered. The need was to develop an environmental-friendly adsorbent which was prepared by 

using natural biopolymers leading a low-cost synthesis. Aiming this, we have developed a novel ternary blend 

that was prepared using biopolymer base and further crosslinking it with a dialdehyde chemical crosslinking 

agent. The work is done considering a serious environmental issue which is to remove toxic dye pollutants from 

wastewater systems. The synthesized ternary blend hydrogel was examined against a cationic dye methylene 

blue and various parameters have been checked to study the removal of dye from aqueous solution via 

adsorption method. Different parameter tests were performed by varying dye concentration, pH, contact time, 

temperature and adsorbent dose. 

3. EXPERIMENTAL SECTION 

3.1 Materials and Methods 

3.1.1  Materials  

The galactomannan was extracted from the seeds of Cassia fistula plant. The seeds were collected from the 

Cassia fistula pods from the Babasaheb Bhimrao Ambedkar University campus, Lucknow, 226025, India. The 

other reagents and solvents were procured from the local suppliers and all the chemicals were utilized without 

any further purification. The double distilled water was used during all the experimental set-up. 

3.1.2 Characterization of modified gum and hydrogel  

3.1.2.1 FT-IR Analysis  

The synthesized blended Hydrogel and other components were observed under Fourier Transform Infrared 

Spectroscopy in a FT-IR spectrophotometer of Perkin Elmer Two Spectrophotometer via KBr pellet method in 

a range of 4000 to 500 cm-1. The powdered samples were pulverized with KBr in a pestle and mortar. The 

powder was compressed under an IR hydraulic press to form a pellet and the spectra was recorded for the same.   

3.1.2.2 Field Emission Scanning Electron Microscopy (FE-SEM) Analysis 

The surface analysis and shape of the Hydrogel materials were examined using field emission scanning electron 

microscope (Nova Nano SEM 450, USA). The powdered materials were mounted on a sample holder followed 

by a coating of platinum on them. The images were then captured at different resolutions. 

3.1.2.3 Energy dispersive X-Ray microanalysis (EDX):  

The samples were examined through EDX to confirm the presence of elemental content by using FE-SEM-EDX 

model Nova Nano SEM 450, USA. 

3.1.2.4 X-Ray Diffraction (XRD) Analysis 

The X-Ray diffraction studies of the samples were observed by using an X-Ray diffractometer of BRUKER, 

Germany having model D8 Advance Eco. The study was done to investigate the crystalline or amorphous nature 
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of the samples. Samples were finely powdered and scanned for a diffraction angle (2Ɵ) ranging in between 10° 

to 90°. The conditions of voltage and current for experiment was kept to be 40 KV and 40 mA, respectively. 

3.1.2.5 Thermogravimetric Analysis  

The thermogravimetric analysis of all samples was recorded using a TGA instrument EXSTAR S11 6300 in 

nitrogen atmosphere with temperature ranging from 50℃–800℃.  

3.1.3 Synthesis   

3.1.3.1 Isolation and modification of CF Gum 

The biopolymer source was collected from the Cassia fistula plant also known as “golden shower” or “amaltas”. 

The seeds were separated from the pods of the plant then washed and dried to make a coarse powder of it. Cassia 

fistula galactomannan was isolated from the coarse seed powder by our research group following a previously 

reported method [45]. Thiolation of the isolated galactomannan was subsequently carried out via esterification 

with thioglycolic acid using the procedure described in our earlier work [35].      

3.1.3.2 Synthesis of Glu-hydrogel 

The multicomponent hydrogel was prepared by adopting the crosslinking methodology. The powdered thiolated 

Cassia fistula (TCF) gum (0.2 g) was suspended in distilled water until homogenizes at 50 ℃ with continuous 

stirring for 30 min. Separately, tragacanth gum (TG) (1.5 g) and polyethylene glycol (PEG) (0.3 g) were 

homogenised in distilled water at 50℃ with stirring for 30 min each. After complete homogenization of the 

materials, modified TCF gum dispersion was mixed with tragacanth gum and stirred for 1 h, followed by the 

addition of PEG solution. The reaction mixture was stirred for 10 min and then the crosslinking agent 

glutaraldehyde (1 ml) was added dropwise to this reaction mixture over 5 min and further the gel mixture was 

formed while stirring continuously for 2 h. The gel mixture was poured in a petri dish and stored in an oven at 

50 ℃ till completely dry and reduced to a fine powder. The synthesized hydrogel was examined by FT-IR, FE-

SEM, EDS, XRD and TGA thermal analysis.      

3.1.3.3 Batch adsorption experiment of dye 

The MB dye removal studies were conducted via adsorption method. A 1000 ppm stock solution of MB dye 

was prepared in 250 ml distilled water. The other experimental solutions were prepared by diluting the stock 

solution with distilled water till specific concentrations were achieved. Optimization of different parameters 

were done by batch experiments to check efficiency of dye uptake from aqueous solutions. The initial dye 

concentrations, solution pH, adsorbent dose, temperature and contact time parameters were varied in a specific 

range. The equilibrium adsorption concentration was obtained by the initial concentration behaviour against 

MB dye. The dye adsorption studies were recorded using a Double beam UV spectrophotometer (Cary100). 

The dye adsorption capacity at equilibrium (Qe) and the percentage removal (% R) of dye was evaluated using 

eq. 1 and 2, respectively.   
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𝑄𝑒 =
(𝐶𝑖 − 𝐶𝑒)𝑉

𝑚
 

(1) 

% 𝑅 =
(𝐶𝑖 − 𝐶𝑒)

𝐶𝑖
100 

(2) 

Here; the terms ‘Ci’ denotes the initial dye concentration (mg/L), ‘Ce’ represents the dye concentration at 

equilibrium (mg/L), ‘m’ is the mass of adsorbent (g) and ‘V’ is the total volume of the dye solution (L). 

3.1.3.4 Adsorption isotherms 

The adsorption isotherms were calculated using the batch study of methylene blue dye concentrations. The 

adsorption equilibrium data at different initial concentrations of MB dye was noted to fit isotherm models. The 

isotherm models were selected for explanation of solid-liquid phase adsorption and were fitted in their non-

linearized forms. The models included two parameter-based models, three parameter-based models and four 

parameter-based models. The non-linear equation forms of isotherm models along with their parameter 

descriptions are given in Table 1a-c. 

Table 1a. Two parameter-based adsorption isotherm models and their forms.    

Sr. 

No. 

Isotherm 

models 

Parameter explanation Non-Linear form 

    

1 Langmuir qe is the dye adsorption capacity; 

Ce is the equilibrium concentration of dye; 

qm is the maximum adsorption capacity; and 

KL is the Langmuir constant relating to the 

binding energy. 

𝑞𝑒 = 𝑞𝑚𝐾𝐿

𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

2 Freundlich qe is the dye adsorption capacity; 

Ce is the equilibrium concentration of dye; 

KF is the Freundlich constant; 

1/n is constant denoting the adsorption 

intensity. 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 

3 Dubinin - 

Radhuskevich 

qe is the adsorption capacity; 

Ce is the equilibrium concentration of dye; 

qm is the maximum adsorption capacity of 

dye;  

β is the D-R constant; 

ϵ is the Polanyi potential; 

R is the gas constant; 

T is the reaction temperature. 

𝑞𝑒

= 𝑞𝑚. 𝑒
−𝛽(𝑅𝑇 ln(1+

1
𝐶𝑒

))
2

 
 

ϵ = 𝑅𝑇 ln (1 +
1

𝐶𝑒
) 

 

4 Temkin qe is the adsorption capacity; 

Ce is the equilibrium concentration of dye;  

KT is the Temkin constant;  

B is the constant denoting heat of adsorption. 

𝑞𝑒 = 𝐵 ln(𝐾𝑇𝐶𝑒) 
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5 Jovanovic qe is the adsorption capacity; 

Ce is the equilibrium concentration of dye;  

qm is the maximum adsorption capacity of 

dye; KJV is the Jovanovic constant. 

𝑞𝑒 = 𝑞𝑚(1 − 𝑒−𝐾𝐽𝑉𝐶𝑒) 

Table 1b. Three parameter-based adsorption isotherm models and their forms. 

Sr. 

No. 

Isotherm 

models 

Parameter explanation Non-Linear form 

    

1 Koble 

Corrigan 

qe is the dye adsorption capacity; 

Ce is the equilibrium concentration of dye; 

ACe
n represents the Freundlich model; 

1+B Ce
n represents the Langmuir model. 

A, B, and n are the Koble model constants. 

𝑞𝑒 =
𝐴𝐶𝑒

𝑛

1 + 𝐵. 𝐶𝑒
𝑛 

2 Redlich-

Peterson 

qe is the dye adsorption capacity; 

Ce is the equilibrium concentration of dye; 

ARP, KRP is the isotherm model constants; 

m is the model exponent ranging from 0 to 1. 

𝑞𝑒 =
𝐾𝑅𝑃𝐶𝑒

1 + 𝐴𝑅𝑃. 𝐶𝑒
𝑚 

3 Liu qe is the dye adsorption capacity; 

qm is the maximum adsorption capacity of dye; 

Ce is the equilibrium concentration of dye; 

KLiu Liu model constant relating to the binding 

energy; 

n is Liu exponent which relates to the surface 

heterogeneity. 

𝑞𝑒 =
𝑞𝑚(𝐾𝐿𝑖𝑢𝐶𝑒)𝑛

1 + (𝐾𝐿𝑖𝑢𝐶𝑒)𝑛
 

4 Khan qe is the dye adsorption capacity; 

qm is the maximum adsorption capacity of dye; 

Ce is the equilibrium concentration of dye; 

KKH is the Khan isotherm constant; 

αKH is the Khan model exponent. 

𝑞𝑒 =
𝑞𝑚𝐾𝐾𝐻𝐶𝑒

(1 + 𝐾𝐾𝐻𝐶𝑒)𝛼𝐾𝐻
 

5 Jossens qe is the dye adsorption capacity; 

Ce is the equilibrium concentration of dye; 

KJ, JS, and a are the Jossens isotherm constants. 

𝑞𝑒 =
𝐾𝐽𝐶𝑒

1 + 𝐽𝑆𝐶𝑒
𝑎 

Table 1c. Four parameter-based adsorption isotherm models and their forms. 

Sr. 

No. 

Isotherm 

models 

Parameter explanation Non-Linear form 

    

1 Fritz 

Schlunder 

qe is the dye adsorption capacity; 

Ce is the equilibrium concentration of dye; 

qm is the maximum adsorption capacity of dye; 

K1, K2, and m are the model parameters. 

𝑞𝑒 =
𝑞𝑚𝐾1𝐶𝑒

1 + (𝐾2𝐶𝑒
𝑚)

 

3.1.3.5 Adsorption kinetics 

The investigation of adsorption kinetic models for MB dye removal from aqueous solution was done on the 

basis of batch parameter contact time. The contact time was varied in a range from 60 min to 360 minutes. The 
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kinetic studies in adsorption process offers valuable features involving adsorption mechanisms and its reaction 

pathways. To study mechanism there are various kinetic models which were drawn to get the best fitted kinetic 

model with the experimental data. Kinetic models like Pseudo-first order, Pseudo-second order, Elovich, and 

Intraparticle diffusion were implemented to determine the rate of dye removal process [46]. 

 

4. RESULTS AND DISCUSSION 

4.1 Synthesis of glutaraldehyde crosslinked ternary blend hydrogel 

The blended hydrogel was synthesised by blending natural biopolymer (tragacanth gum and TCF gum) with 

synthetic polymer (PEG) which was cross-linked with glutaraldehyde following the conditions as shown in 

Scheme 1. 

 

Scheme 1. Synthesis scheme for preparation of Hydrogel. 

4.2 Characterization results 

4.2.1 FT-IR spectra 

FT-IR spectral analysis of all the samples is shown in Figure 1. The spectra of modified TCF gum (─A) showed 

a characteristic broad peak of ─OH stretching vibration of galactomannan backbone at a region 3100–3650 cm-

1, ─CH stretching vibration at 2887 cm-1 [47], the peaks at 1505 cm-1 and 1403 cm-1 attributed due to the 

─CH alkane bending vibrations [45, 47, 48]. A band at 2079 cm-1 was obtained which resembles ─SH stretch 

in thiol modified gum [49]. The FT-IR spectrum of gum tragacanth (─B) shows adsorption band for ─OH 

stretching vibration in the range of 3100-3700 cm-1. The adsorption bands of carbonyl or carboxylic groups 
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(C=O, COOH) were observed at 1730 cm-1, the peak at 1643 cm-1 can be attributed due to carboxylic acid or 

carboxylate anion form of d-galacturonic acid present in tragacanth gum polymer unit. The peaks at 1450 cm-1 

and 1352 cm-1 were assigned to C─OH deformation vibration with contribution of C─O─C symmetric 

stretching vibration of carboxylate group. The peaks at 1250 cm-1 and 1099 cm-1 were related to C─O─C 

asymmetric stretching vibration in glycosidic groups of polysaccharides [50, 51]. As similar to the spectrum of 

TCF gum and tragacanth gum, the resembling FT-IR spectra has been obtained for Hydrogel (─C) which shows 

an overlapping pattern to both the spectrum. 

 

Figure 1. FTIR of TCF gum (─A), Gum Tragacanth (─B) and Hydrogel (─C). 

4.2.2 FE-SEM micrographs 

Field emission scanning electron microscopic (FE-SEM) images were recorded to analyse the morphological 

studies of the modified TCF (A1) gum and Hydrogel (B1) as shown in Figure 2. The FE-SEM micrographs 

indicates the significant difference in morphologies of all the samples. Both the images show roughness at their 

surface morphologies. The modified TCF gum exhibits surface roughness and shows relatively big particles 

whereas the blended hydrogel material shows rougher surface relative to the other sample and the particles 

exhibits close resemblance to the modified TCF gum. 
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FE-SEM images  EDX spectra 

 

 

  

Figure 2. FE-SEM images and EDX spectra of TCF gum (A1, A2) and Hydrogel (B1, B2). 

4.2.3 EDX analysis 

The EDX analysis of all the materials are given in Figure 2 which shows the presence of carbon, oxygen, sulphur 

in the both modified TCF gum (A2) moiety as well as in the blended structural composition of hydrogel (B2). 

This clearly indicates that the synthesis of crosslinked blended hydrogel has been successfully achieved. 

The images of elemental mappings for the thiolated galactomannan material and the hydrogel samples are 

shown in Figure 3. The elemental mapping shows that the images were having a good composition of carbon, 

oxygen and sulphur inside the polymeric unit which indicates the relative assurance to the EDX spectra of both 

TCF gum and hydrogel. The presence of elements confirms the successful modification of galactomannan and 

synthesis of hydrogel matrix. 

 

 

 

 

 

 

 

A1 

A2 

B1 
B2 
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Modified TCF gum Glu-hydrogel 

 

 

  

 

 

Figure 3. Images for elemental mapping in modified TCF gum and Hydrogel materials. 

4.2.4 XRD  

The XRD pattern for modified galactomannan and hydrogel samples are represented in Figure 4 which shows 

broad peaks for 2Ɵ angle values around 20.17° indicates about the amorphous nature of the TCF modified gum. 

The XRD results make it clear that both the samples are in amorphous form having a slight noticeable change 

in 2Ɵ values. However, the Hydrogel also shows amorphous nature having the 2Ɵ values around 18.80° and 

26.58°.  
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Figure 4. XRD spectrum of TCF gum (─A) and Hydrogel (─B). 

4.2.5 TGA analysis 

To determine the thermal stabilities of both the materials, the TGA study was performed and the plots for the 

same are given in Figure 5. The thermal studies of both the samples clarifies that the hydrogel (─B) is 

comparably thermally stable than the modified TCF gum (─A) and shows a significant weight loss. For thiol 

modified gum, the first weight loss stage occurs in a temperature range of 80℃–287℃ which may be a reason 

of evaporation occurred to the bounded and unbounded water molecules. The further weight loss was found 

around a range of 288℃–800℃ indicating the degradation of the polymer backbone consisting of 

polysaccharides matrix. The thermal analysis for hydrogel sample shows a percentage weight loss at the first 

stage ranging around 200℃–250℃ as shown in Figure 5 due to the evaporation of the water molecules and 

secondly the weight loss has shown around 290℃– 410℃ because of the degradation of polymeric chains in 

the hydrogel matrix. Both thermogram shows close resemblance after reaching a temperature ranging 500℃–

800℃. 
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Figure 5. TGA plots of TCF gum (─A) and Hydrogel (─B). 

4.3 Effect of batch parameters 

4.3.1 Initial concentration of dye 

The batch adsorption experiments were performed by altering one parameter at a time. The concentration of 

methylene blue dye solution was varied in a range 250–550 mg/L. The other parameters (adsorbent dose, 

volume, contact time and pH) were kept constant. The adsorbent dose was added as 1% w/v to the experimental 

solutions. The adsorption of methylene blue dye was gradually decreased while increasing the concentration 

from 250 mg/L to 550 mg/L. This may be due to the increased number of adsorbate molecules interacting 

electrostatically to the polymer chain [52]. The dye removal trend corresponding to the dye concentration is 

shown in Figure 6 (A). As the maximum removal 92.74 % of dye has been observed at a concentration 250 

mg/L, so this concentration was opted as the initial concentration for further batch parameter studies. This study 

is considered as one of the important adsorption studies to check the further batch parameters. 

4.3.2 Variation of adsorbent dose 

The amount of adsorbent dose (Hydrogel) was optimized in a range of 5 mg to 60 mg. All the other parameters 

like dye concentration, solution volume, temperature, contact time and pH were kept unchanged. Various 

adsorbent dosage was added to the 250 mg/L dye experimental solutions [53]. The dye removal was first 

increased and then achieved a constant removal by the increasing adsorbent dosage as shown in Figure 6 (B). 

This may be due to the active sites for adsorption were increased and achieved a stable adsorption on the high 

adsorbent dosage. The maximum percentage removal of 93.55 % is shown at dose of 20 mg. This maximum 

removal dose value was considered as an appropriate adsorbent dose for the other batch parameters.  
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4.3.3 Effect to contact time 

Another important parameter while studying adsorption experiment of any dye is the contact time of the solution 

to the adsorbent. The samples were tested for a contact time up to 6 hours for the dye solution. The highest 

percentage dye removal value for Hydrogel against MB dye was observed at 300 min is 93.34 %. The 

optimization graph of contact time for Hydrogel adsorbent is given in Figure 6 (C). The increased trend of dye 

removal was observed due to the interactions of active sites of adsorbent were formed better with MB dye 

molecules during 300 minutes contact time [54].  

4.3.4 Effect of pH 

The batch adsorption studies were further checked at different pH of the dye solution keeping the other 

parameter constants (initial conc. = 250 ppm, adsorbent dosage = 20 mg, contact time = 300 minutes, 

temperature and solution volume). The pH solutions were prepared while adjusting with HCl and NaOH 

solutions and examined a pH range of ranges from 1 to 11. The effect of pH on dye removal is shown in Figure 

6 (D). From graph, it has been clearly seen that the dye removal was firstly increased with increasing pH and 

after reaching maximum removal it shows a slow decrease in % dye removal. The high percentage dye removal 

is achieved at a neutral solution pH 7 with a removal value of 93.26 %. The poor dye removal at low pH value 

of the MB dye was due to either competitive adsorption between the H+ ions and cationic MB+ molecules or 

H-bonding between the ─COOH group and MB dye molecules. Enhanced dye uptake at neutral pH value was 

may be because of the ionization and increased electrostatic attractions among the positively charged adsorbate 

and negatively charged adsorbent molecules [46]. 

4.3.5 Effect of temperature 

After achieving above results, the other parameter was analysed to check the thermal conditional behaviour of 

adsorbent in the dye solution. The temperature of dye solution was varied and the percentage removal is shown 

in Figure 6 (E). The graph shows an increasing pattern of dye removal with the increasing value of temperature 

and then after achieving maximum removal it and then a rapid decrement was found followed by negligible 

changes at further temperatures making a stable removal trend. The highest dye removal 92.97 % was occurred 

at temperature 60 ℃ due to the high degree of adsorption. The increased temperature results in the high mobility 

of large dye ions, adsorbent swelling, growth of adsorbent porosity and decreased viscosity of the medium [55].  
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Figure 6. Adsorption graphs for different parameters (A) concentration, (B) adsorbent dose, (C) contact time, 

(D) pH, and (E) reaction temperature. 

4.4 The non-linear isotherm models 

The dye removal studies were observed by using Double Beam UV Spectrophotometer further investigating the 

isotherm models which have been best fitted to the experimental adsorption data. Different isotherm models 

were drawn which were used to describe the adsorption pathway. In order to check the interfacial phenomena 

between solid-liquid adsorption; different parameter-based isotherm models like Langmuir, Freundlich, D-R, 

Temkin, Jovanovic, Jossens, Khan and other models were studied. As from the batch study of influence of initial 

concentration has been observed that with the increase in concentration from lower to higher range, the 
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percentage removal of dye gets decreases. This behaviour in adsorption process was noticed due to the 

availability and unavailability of vacant sites on the Hydrogel surface. The availability of dye molecules was 

increasing by the gradual increase of concentration which may lead to the fulfilment of adsorbed sites and hence 

results in low percentage removal [56]. The non-linear two parameter-based isotherm models fitted to the 

experimental data are shown in Figure 7a. The non-linear form of Langmuir isotherm model as shown in Figure 

7a denoting the adsorption held is a monolayer adsorption having a specific number of vacant sites onto the 

homogeneous surface of the adsorbent [57]. Whereas the Freundlich isotherm model describes about the 

multilayer adsorption of dye molecules onto the heterogeneous surface of adsorbent [58]. Similarly, the Temkin 

isotherm model was used to represent the indirect interactions between dye molecules and hydrogel material 

which depends on the linear proportionality of increasing surface coverage with decreasing heat of adsorption 

involving in the heterogeneous system [59, 60]. Dubinin-Radushkevich (D-R) isotherm model does not assume 

the surface of adsorbent to be homogeneous and gives information about the process behind adsorption either 

physisorption or chemisorption [60, 61]. Extending the isotherm models, the Jovanovic isotherm model is two-

parameter based model which is a refined form of Langmuir model having more accuracy towards the contacting 

potentials while adsorption process [62].  

The non-linear three parameter-based isotherm models are shown in Figure 7b. Koble Corrigan model integrates 

both Langmuir and Freundlich isotherms, effectively encapsulating adsorption experimental data to the 

equilibrium stage [46]. Redlich Peterson isotherm model was derived from the blended mode of both Langmuir 

and Freundlich isotherm models. According to this model, the adsorption process is not ideally related to a 

monolayer adsorption mechanism [63, 64]. As considering the versatility of this model, it could be applied for 

both homogeneous and heterogeneous systems [65]. Liu isotherm model integrates both Langmuir and 

Freundlich models which states that the adsorption occurs in a multilayer form having different energies onto 

the active sites of hydrogel material [66]. Khan isotherm model represents the adsorption of dye molecules from 

waste water in a multicomponent system [67]. Jossens isotherm explains about the heterogeneous surface 

adsorption for dye molecules [68]. 

The non-linear four parameter-based Fritz-Schlunder adsorption isotherm model suits for the complex 

multilayer adsorption onto a heterogeneous surface [69]. The Fritz-Schlunder model is shown in Figure 7c and 

is best fitted statistical model with the experimental data of MB dye adsorption. The parameter values for all 

the isotherm models are evaluated and shown in Table 2. 

From Table 2; it may be concluded that the models fitted best to the experimental data and supports pathways 

involved in the adsorption of MB dye molecules on to the Hydrogel surface are Langmuir, Koble-Corrigan, 

Redlich-Peterson, Liu, Khan, Jossens and FritzSchlunder adsorption isotherm models. The results according to 

the R2 values indicates a combination of monolayer and multilayer adsorption process and found to be versatile 

towards a wide range of concentration in a homogeneous as well as in heterogeneous systems [70].  
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Figure 7a. Non-linear two parameter-based adsorption isotherm models. 

 

Figure 7b. Non-linear three parameter-based adsorption isotherm models. 
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Figure 7c. Non-linear four parameter-based adsorption isotherm models. 

Table 2: Parameters for non-linearized form of adsorption isotherm models. 

Sr. No. Isotherm models Isotherm parameter Non-linear fitting values 

    

1.  Langmuir qm 94.0653 

  KL 0.1025 

  R2 0.9702 

    

2.  Freundlich n 0.1542 

  KF 41.1550 

  R2 0.8956 

    

3.  D-R qm 86.9352 

  β 134.5188 

  R2 0.9546 

    

4.  Temkin KT 9.7885 

  B 12.2402 

  R2 0.9195 

    

5.  Jovanovic qm 86.2138 

  KJV 0.0644 

  R2 0.9354 

    

6.  Koble Corrigan A 5.3659 
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  B 0.0587 

  n 1.2120 

  R2 0.9724 

    

7.  Redlich Peterson ARP 0.0846 

  KRP 8.8113 

  n 1.0194 

  R2 0.9711 

    

8.  Liu qm 91.4083 

  KLiu 0.0964 

  n 1.2111 

  R2 0.9724 

    

9.  Khan qm 100.2505 

  KKH 0.0901 

  αKH 1.0214 

  R2 0.9710 

    

10.  Jossens KJ 8.8113 

  JS 0.0846 

  a 1.0194 

  R2 0.9711 

    

11.  Fritz-Schulnder qm 2.9684 

  K1 2.9684 

  K2 0.0846 

  m 1.0194 

  R2 0.9711 

4.5 The non-linear adsorption kinetic models 

The adsorption kinetics were checked for the efficient removal of MB dye. These are most important while 

examining the adsorption experiment as they provide valuable information for the mechanisms and reaction 

pathways. The kinetic models Pseudo-first order (PFO), Pseudo-second order (PSO), Intraparticle diffusion 

(IPD), and Elovich models were 

illustrated on the basis of R2 obtained from the best fitted model with experimental data. A brief description of 

all kinetic parameters and model equations is shown in Table 3. The adsorption kinetic model results are 

illustrated in Table 4. The experimental values were suitably fitted with PSO and Elovich kinetic models 

indicating that the overall rate of adsorption of MB dye molecules onto the Hydrogel surface was controlled by 

pseudo-second order reaction which correlates to the chemisorption phenomenon during adsorption where the 

adsorption rate relies on the available active sites and forming covalent bonds between adsorbent and adsorbate 

molecules [71]. The Elovich models indicates that there is a rapid increase in the initial adsorption rate and then 
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observed a gradual decrease in the adsorption rate which shows resemblance with the chemisorption 

phenomenon in heterogeneous systems [72, 73]. The non-linear kinetic models are shown in Figure 8.  

 

Figure 8. Non-linear adsorption kinetic models. 

Table 3. Adsorption kinetic models with their non-linear forms. 

Sr. 

No. 
Kinetic models Parameter illustration 

Non-linear form 

equations 

1. Pseudo First Order qe is the adsorbed amount of dye at 

equilibrium; 

qt is the amount of dye adsorbed at 

time t; 

K1 is pseudo-first order rate 

constant. 

𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝐾1𝑡) 

2. Pseudo Second Order qe is the adsorbed amount of dye at 

equilibrium; 

qt is the amount of dye adsorbed at 

time t; 

K2 stands for the second order rate 

constant of adsorption. 

𝑞𝑡 =
𝑞𝑒2𝐾2𝑡

1 + 𝐾2𝑞𝑒𝑡
 

3. Elovich α is for the initial rate of 

adsorption; 

β is the activation energy of 

chemisorption and surface 

coverage. 

𝑞𝑡 =
1

𝐵(ln(𝛼𝛽𝑡 + 1))
 

 

4. Intraparticle Diffusion kdiff is the intraparticle diffusion 

rate constant; 

C is the thickness of the boundary 

layer of adsorbent. 

𝑞𝑡 = 𝐾𝑑𝑖𝑓𝑓√𝑡 + 𝐶 
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Table 4. Parameter results of non-linearized form of adsorption kinetic models. 

Sr. No. Kinetic models Kinetic parameter Non-linear fitting values 

    

1. Pseudo first order qe 66.0483 

  K1 0.0221 

  R2 0.8612 

    

2. Pseudo-second order qe 74.5590 

  K2 4.6238 

  R2 0.9529 

    

3. Elovich α 17.6442 

  β 0.0885 

  R2 0.9675 

    

4. Intraparticle Diffusion Kdiff 1.9107 

  C 37.6503 

  R2 0.9512 

    

CONCLUSION 

The biopolymers tragacanth gum (TG) and thiolated Cassia fistula (TCF) gum and polyethylene glycol (PEG) 

were blended and cross-linked with glutaraldehyde to form a three-dimensional hydrogel network. The 

synergistic effect of polymer blending and chemical cross-linking facilitated the development of a mechanically 

stable hydrogel network with enhanced hydrophilicity, resulting in superior swelling performance and water-

retention characteristics. The hydrogel effectively removes the toxic cationic dye methylene blue and shows a 

maximum dye removal of 93.17 %. The synthesized hydrogel exhibited satisfactory thermal stability, which is 

consistent with the thermal behavior of its constituent components. Owing to this stability, the developed 

hydrogel shows significant potential for application in wastewater treatment. Overall, such blended hydrogel 

systems represent a promising class of materials for future research and technological advancements in 

environmental remediation.    
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