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Abstract 

The extensive discharge of synthetic organic dyes from the textile and leather industries has become a major environmental 

concern due to their toxic, persistent, and non-biodegradable nature. Among these pollutants, methyl red dye poses significant 

risks to aquatic ecosystems and human health. The present study aims to evaluate the adsorption efficiency of 

cetyltrimethylammonium bromide (CTAB)-modified bentonite as a low-cost and effective adsorbent for the removal of methyl 

red from aqueous solutions. Bentonite powder was modified using 0.5 mol L-1 CTAB to enhance its surface properties and 

adsorption capacity. Batch adsorption experiments were carried out at pH 7 with initial dye concentrations ranging from 10 to 

30 ppm. The adsorption process was monitored using UV–Vis spectrophotometry at a wavelength of 360 nm. The experimental 

results demonstrated excellent adsorption performance, with removal efficiencies exceeding 98% across all studied 

concentrations. A maximum removal efficiency of 99.62% was achieved at an initial concentration of 30 ppm within 90 minutes 

of contact time. The superior adsorption behavior is attributed to the increased surface area, mesoporous structure, and improved 

surface functionality resulting from CTAB modification. Structural and functional characterization using X-ray diffraction 

(XRD) and Fourier transform infrared spectroscopy (FTIR) confirmed successful modification of bentonite and the interaction 

between dye molecules and active surface sites. Overall, the findings indicate that CTAB-modified bentonite is a promising, 

economical, and environmentally friendly adsorbent for the efficient removal of organic dyes from wastewater, offering potential 

application in sustainable wastewater treatment processes. 
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1. Introduction 

The advent of synthetic organic dyes has revolutionized 

industries such as textiles, paper, leather, and cosmetics. 

Among these, azo dyes like methyl red are particularly no-

table for their extensive industrial applications and the envi-

ronmental challenges they pose. Structurally, organic dyes are 

characterized by aromatic rings and chromophoric groups, 
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which impart the desired colour properties while also contrib-

uting to their resistance to degradation [1]. Persistence of the 

dye results in widespread contamination. Many dyes and their 

degradation products, such as aromatic amines, are classified as 

toxic, carcinogenic, and mutagenic. Long-term exposure to the 

dyes may cause liver damage and skin disorders [2]. 

Water pollution caused by dye effluents has become a 

global concern due to the sheer volume of dye usage and the 

inadequacy of conventional wastewater treatment technolo-

gies in removing these complex organic compounds [3, 5]. 

Bhagalpur, often hailed as the Silk City of India, is a major 

hub for silk production and textile dyeing. The regions of Nath-

nagar and Champanagar are central to this industry, with nu-

merous small-scale and medium-scale units engaged in dyeing 

silk fabrics. These industries predominantly use synthetic dyes 

to achieve vibrant and lasting colours on silk, ensuring the prod-

ucts meet both domestic and international demand. 

The effluents coming out of dye work contain not only dyes 

but also a plethora of toxic chemicals used during processing, 

including heavy metals, surfactants, and auxiliary agents. The 

resulting contamination not only impacts the local environ-

ment but also poses challenges for agricultural activities as 

well as the adjoining the river Ganges. 

In agricultural settings, dye-contaminated water impacts 

soil health by altering its pH and reducing its fertility. The per-

sistent nature of dyes hinders microbial activity in the soil, 

which is critical for nutrient cycling. Additionally, plants irri-

gated with such water exhibit reduced growth, lower yields, 

and, in some cases, accumulation of toxic substances in edible 

parts, posing risks to food safety. Aquatic environments are 

among the most affected by dye pollution. 

Bentonite, a type of clay predominantly composed of mont-

morillonite, is renowned for its high surface area, cation ex-

change capacity, and swelling properties [6-8]. The mesopores 

present in the Bentonite can be one of the important factors 

for the adsorption potential. These characteristics make it an 

excellent adsorbent of dyes and heavy metals. The Rajmahal 

hills of Jharkhand, India, are a significant source of high-qual-

ity bentonite, rich in silica, alumina, and trace elements. The 

geochemical profile of Rajmahal Bentonite underscores its 

potential as an adsorbent in wastewater treatment. While raw 

bentonite has shown promise in removing contaminants from 

water, its adsorption capacity for organic dyes can be signifi-

cantly enhanced through chemical modification [9-12]. These 

modifications alter the clay's surface properties, increasing its 

affinity for dye molecules and improving its overall adsorp-

tion efficiency [13]. 

Cetyltrimethylammonium bromide (CTAB), a cationic sur-

factant, is widely used to modify bentonite for enhanced ad-

sorption capabilities. CTAB treatment increases the hydro-

phobicity of bentonite and introduces functional groups that 

interact more effectively with organic dye molecules, and also 

increases the surface area. This modification transforms ben-

tonite from a general-purpose adsorbent into a specialized ma-

terial tailored for dye removal applications [14, 15]. 

The CTAB-modified bentonite exhibits improved adsorp-

tion performance due to the formation of an organophilic sur-

face, which interacts strongly with the hydrophobic regions of 

dye molecules. This makes it particularly effective for remov-

ing methyl red from aqueous solutions, even at low concen-

trations [16, 17]. 

2. Materials and Methods 

2.1. Chemicals and Reagents 

Methyl red dye (C15H15N3O2), a common azo dye, was pro-

cured from Merck. Cetyltrimethylammonium bromide 

(CTAB), a cationic surfactant used for modifying bentonite, 

was of analytical grade. All solutions were prepared using 

double-distilled water to ensure the absence of impurities. 

2.2. Bentonite Sample Collection and 

Preparation 

Raw bentonite samples were collected from the Rajmahal hills 

region in Jharkhand, India. The samples were dried at 105°C for 24 

hours to remove moisture and then ground and sieved through a 

100-mesh sieve to obtain a uniform particle size. 

2.3. Chemical Modification of Bentonite with 

CTAB 

For chemical modification, bentonite was treated with 

CTAB as follows: 

1) A 0.5 M CTAB solution was prepared by dissolving the 

required amount in distilled water. 

2) Bentonite (10 g) was added to the CTAB solution and 

stirred at 300 rpm for 6 hours at 60°C. 

3) The mixture was allowed to settle, and the supernatant 

was discarded. 

4) The modified bentonite was washed with distilled water 

to remove excess surfactant and then dried at 80°C for 

12 hours. 

5) The CTAB-modified bentonite was stored in an airtight 

container for further experiments. 

Absorbance of the dye is known from the U.V. double beam 

spectrophotometer Systronic model 2203. Percentage decolour-

ation of the dye is calculated from the formula [18-21]. 

% 𝑑𝑒𝑐𝑜𝑙𝑜𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐶𝑖−𝐶𝑡

𝐶𝑖
× 100  

Where Ci is the initial concentration and Ct is the concen-

tration after time t. 

3. Results and Discussions 

From Figure 1 and Table 1, it has been clearly shown that 
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the percentage removal increases up to 45 minutes and the sat-

uration of the equilibrium is attained at 60 minutes for the in-

itial concentration of 5 ppm at pH 8. The graph between ab-

sorbance and time at a wavelength of 360 nm has been shown 

in Figure 2 for an initial concentration of 10 ppm methyl red 

dye. it is clearly observed from the graph that absorbance de-

creases as time increases. Figure 3 shows the combined effect 

of absorbance and percent decolouration for different initial 

concentrations and contact time. 

Table 1. Absorbance and percentage removal for different concentrations at of methyl red solutions. 

Initial Concentration in PPM pH Time Absorbance % Removal 

5 8 

15 0.09 98.2 

30 0.061 98.78 

45 0.06 98.8 

60 0.065 98.7 

90 0.095 98.1 

10 8 

15 0.107 98.93 

30 0.113 98.87 

45 0.121 98.79 

60 0.112 98.88 

90 0.102 98.98 

15 8 

15 0.134 99.1 

30 0.128 99.146 

45 0.122 99.186 

60 0.118 99.213 

90 0.115 99.233 

20 8 

15 0.133 99.55 

30 0.104 99.48 

45 0.122 99.39 

60 0.121 99.395 

90 0.129 99.355 

25 8 

15 0.208 99.168 

30 0.101 99.154 

45 0.038 99.848 

60 0.09 99.64 

90 0.144 99.424 

30 8 

15 0.15 99.5 

30 0.139 99.53 

45 0.139 99.56 

60 0.122 99.59 

90 0.133 99.62 
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Figure 1. Absorbance versus Contact time for different initial concentrations of methyl red solution at 360nm. 

 
Figure 2. Percentage removal versus contact time for different initial concentrations of methyl red solutions at 360 nm. 

Experimental data show that CTAB-modified Bentonite has the capacity to decolourise methyl red dye. CTAB increases the 

Bentonite surface area after modification. 

 
Figure 3. Combined effect of contact time on absorbance and percentage removal at different initial dye concentrations (5–30 ppm) at pH 8. 
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Figure 4. Sem Image of Barmer Bentonite (BB2). 

 
Figure 5. XRD pattern of CTAB-modified bentonite confirming the montmorillonite structure and interlayer modification. 

 
Figure 6. FTIR spectra of raw and CTAB-modified bentonite showing functional group interactions after chemical modification. 
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Bentonite is characterized by SEM images, XRD, and FTIR. 

These data confirm the Presence of the montmorillonite unit 

in Bentonite. SEM images show the morphological structure 

of the surface of Bentonite (Figure 4). The FTIR peaks around 

3600 cm-1 show the presence of OH- in the lattice. (Figure 6). 

Si – O – Si linkage stretching vibration takes place at around 

1600 cm-1 and Al – O – Al bending at the peak 524 cm-1. The 

peak at 692 cm-1 shows the presence of SiO2. The intensity 

peaks at a glancing angle of 2𝜃 degrees show the diffraction 

patterns like that of the montmorillonite unit (Figure 5). 

4. Conclusion 

Modified bentonite has emerged as a potential adsorbent of 

methyl red dye due to increased surface area and mesopores 

present in the bentonite powder. This may be adopted as an 

eco-friendly and low-cost adsorbent for the dye. 
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