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Abstract—The present study explores the synthesis, 

characterization, and adsorption efficiency of AC-MnO₂ 

nanocomposites for Malachite Green (MG) removal. 

Activated carbon from Corallocarpus epigaeus was 

thermally treated and combined with MnO₂ 

nanoparticles. Characterization via FESEM-EDX and 

FTIR confirmed porous morphology, MnO₂ dispersion, 

and functional groups. Adsorption studies showed 

optimal MG removal (88%) at 20 ppm, with increased 

adsorbent dosage enhancing efficiency until saturation. 

Temperature effects confirmed endothermic behavior, 

peaking at 98.6% at 60°C. Co-ion interactions influenced 

adsorption, with (NH₄) ₂CO₃ enhancing (95.95%) and 

NH₄Cl reducing (33.04%) efficiency. AC-MnO₂ 

nanocomposites demonstrate strong potential for 

wastewater treatment. 

 

Index Terms—AC-MnO₂, adsorption, Malachite Green. 

 

I. INTRODUCTION 

 

Water pollution caused by synthetic dyes is a major 

environmental challenge, particularly in industrial 

wastewater from textile, leather, paper, and food 

industries [1]. Malachite Green (MG), a 

triphenylmethane dye, is widely used in aquaculture 

and fabric dyeing but is highly toxic, carcinogenic, and 

resistant to biodegradation. Its persistence in aquatic 

environments poses serious ecological and health 

risks, including mutagenicity, teratogenicity, and 

bioaccumulation in living organisms [2]. 

Conventional wastewater treatment methods, such as 

coagulation, membrane filtration are often limited by 

high operational costs, incomplete removal, and 

secondary pollution. Hence, developing efficient, 

cost-effective, and sustainable removal techniques is 

crucial [3,4]. 

Adsorption has emerged as a promising technique for 

removing MG from aqueous solutions due to its 

simplicity, high efficiency, and ability to eliminate 

pollutants without generating harmful byproducts. 

Adsorbents such as activated carbon (AC), metal 

oxides, and their composites have been widely 

explored for water purification applications [5,6]. 

Among metal oxides, manganese dioxide (MnO₂) 

exhibits unique physicochemical properties, including 

a high surface area, variable oxidation states, strong 

redox potential, and excellent adsorption capacity for 

organic pollutants [7]. MnO₂ can effectively interact 

with dye molecules through electrostatic attraction, 

ion exchange, and oxidative degradation, making it a 

potential adsorbent for MG removal. However, the 

standalone use of MnO₂ is often restricted by its low 

surface area, poor mechanical stability, and 

aggregation tendencies, which limit its adsorption 

performance. 

To address these limitations, hybrid materials 

combining AC and MnO₂ have been developed to 

enhance the efficiency of adsorption-based water 

treatment. Activated carbon is widely recognized for 

its exceptionally high porosity, large specific surface 

area, and superior adsorption capacity due to its well-

developed microporous and mesoporous structures. It 

provides abundant active sites for dye adsorption via 

physical interactions, including van der Waals forces 

and π-π stacking, as well as chemical interactions such 

as hydrogen bonding and electrostatic attraction. 

When combined with MnO₂, AC not only prevents the 

aggregation of MnO₂ nanoparticles but also enhances 

adsorption through synergistic interactions, leading to 

improved dye removal efficiency. The AC–MnO₂ 

nanocomposite thus exhibits a unique combination of 

high adsorption capacity, increased surface reactivity, 

and enhanced stability, making it a promising 

candidate for water treatment applications. 
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This study focuses on investigating the adsorption 

behavior of Malachite Green on an AC–MnO₂ 

nanocomposite, evaluating key parameters such as 

temperature of reaction, concentration of MG. 

 

II. MATERIALS & METHODS 

 

A. Nanocomposite (adsorbent) Synthesis  

Activated carbon was prepared from Corallocarpus 

epigaeus by drying, pulverizing, and treating the 

powdered material with concentrated H₂SO₄ (1:2 

ratio) for 48 hours. The resulting char was washed to 

neutral pH, dried, and subjected to thermal activation 

at 700°C in a muffle furnace for one hour. For 

nanocomposite synthesis, 3g of activated carbon was 

swelled in 15 ml of anhydrous alcohol and stirred at 

25°C for 2 hours. Simultaneously, 3g of manganese 

dioxide was dispersed in 15 ml of anhydrous alcohol, 

then gradually added to the activated carbon 

suspension and stirred for an additional 5 hours. A 

mixture of 5 ml alcohol and 2 ml deionized water was 

then introduced, followed by continuous stirring for 

another 5 hours. The final suspension was dried in a 

vacuum oven at 80°C for 6 hours to obtain the 

nanocomposite adsorbent. 

B. Absorbate solution 

Malachite Green (MG), a basic dye with the molecular 

formula C₂₃H₂₅ClN₂ and a molecular weight of 364.92 

g/mol, was used as the adsorbate in this study. The dye 

concentration in the supernatant solution was 

determined using a UV-visible spectrophotometer at 

its characteristic maximum absorption wavelength 

(λmax = 617 nm). A stock solution was prepared by 

dissolving 1 g of MG in 1000 mL of deionized water. 

From this stock solution, working standard solutions 

of varying concentrations (10 ppm, 20 ppm, 30 ppm, 

and 40 ppm) were prepared in 100 mL volumetric 

flasks for further adsorption studies. 

C. Characterization analysis 

The samples were characterized using Field Emission 

Scanning Electron Microscopy (FESEM) coupled 

with Energy Dispersive X-ray Spectroscopy (EDX) on 

a SIGMA HV (Carl Zeiss) instrument with a Bruker 

Quantax 200 - Z10 EDS detector. Samples were gold-

coated to avoid charging effects, and high-resolution 

micrographs were taken to examine surface 

morphology. Elemental composition was analyzed 

using EDX, determining the weight percentages of key 

elements. Functional group analysis was performed 

using Fourier Transform Infrared Spectroscopy 

(FTIR) in ATR mode with a PerkinElmer Spectrum 

Two spectrometer, recording spectra in the range of 

4000–400 cm⁻¹ to identify molecular vibrations and 

confirm chemical composition. 

D. Experimental 

The batch adsorption experiments were conducted 

using a series of 250 mL Erlenmeyer flasks containing 

a specified mass of adsorbent and 50 mL of malachite 

green (MG) solution at varying initial concentrations. 

The flasks were placed in an isothermal water-bath 

shaker and agitated at 100 rpm and 30°C until 

equilibrium was attained. Following decantation and 

filtration, the equilibrium dye concentrations in the 

solution were determined spectrophotometrically at 

617 nm using a UV-visible spectrophotometer [8]. The 

amount of dye adsorbed and the percentage removal of 

MG were subsequently calculated using the 

appropriate adsorption equations. 

% Removal = (Ci – Ce/ Ci ) × 100 

 

III. RESULTS AND DISCUSSION 

 

A. Characterisation analysis of synthesised sample 

Morphological analysis 

The morphology and elemental composition of 

activated carbon-mediated MnO2 nanocomposites 

(AC- MnO2NCs) were studied using Field Emission 

Scanning Electron Microscopy (FESEM) and Energy 

Dispersive X-ray Spectroscopy (EDX) (Figure 1). 

These analyses provide insights into the surface 

structure, particle distribution, and chemical makeup, 

all of which are critical for understanding their 

potential applications in catalysis. 

The FESEM images, presented in Figures 1 a and b, 

show the surface morphology of the AC- MnO2NCs 

at different magnifications. At 6.03 KX 

magnifications (Figure 1a), the nanocomposites 

exhibit irregular and rough surfaces, with noticeable 

agglomeration. This porous, uneven texture is 

characteristic of activated carbon, known for its high 

surface area, which enhances catalytic efficiency. The 

MnO2 nanoparticles are embedded in the carbon 

matrix, appearing as smaller granules attached to the 

rough carbon surfaces. The agglomeration of 

nanoparticles suggests strong intermolecular 

interactions, likely a result of van der Waals forces 

during synthesis, though the carbon matrix helps 

stabilize the dispersion of MnO2 NCs [9,10]. 
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Figure 1FESEM-EDX analysis of AC-MnO2 NCs: 

(a,b) FESEM of AC-MnO2 Ncs (c) Particle size 

histograms (d) EDX analysis 

At a lower magnification (1.90 KX, Figure 1b), the 

FESEM image reveals the overall particle distribution, 

with larger clusters of aggregated particles. This 

agglomeration is expected in nanocomposite 

materials, where particles tend to coalesce during 

synthesis. Despite the aggregation, the activated 

carbon support helps maintain structural integrity and 

sufficient surface area for effective catalytic 

performance [11]. The interconnected porous network 

of the carbon matrix also supports the dispersion of 

MnO2nanoparticles, enhancing their interaction with 

substrates during catalysis. The presence of pores 

between the particles is crucial, as it allows for better 

interaction with reactants, particularly in 

environmental applications where the degradation of 

pollutants requires high surface accessibility. 

The particle size distribution, shown in Figure 1c, 

indicates an average particle size of 7.26 µm, 

reflecting the aggregated nature of the composite 

rather than individual nanoparticles. Although larger 

particle sizes typically reduce the surface area, the 

porous carbon matrix compensates for this by offering 

a significant amount of surface exposure. The 

relatively narrow size distribution suggests uniformity 

in synthesis, despite the larger aggregate size.  

EDX analysis (Figure 1d) confirms the elemental 

composition of the AC- MnO2 nano composites. The 

predominant elements detected were carbon (C), 

oxygen (O), and manganese (Mn), with trace amounts 

of calcium (Ca) and magnesium (Mg). The carbon 

content was the highest, comprising 52.96% by weight 

and 65.48% by atomic percentage. This high carbon 

concentration is consistent with the use of activated 

carbon as the primary matrix. The significant oxygen 

content, at 33.01% by weight and 30.64% by atomic 

percentage, is attributed to both the oxygen-containing 

functional groups on the activated carbon surface and 

the manganese oxide structure [12,13]. 

Manganese was present at 13.58% by weight and 

3.67% by atomic percentage, confirming the 

successful incorporation of MnO2 nanoparticles into 

the composite. The relatively low atomic percentage 

of manganese, compared to carbon and oxygen, 

suggests that the MnO2 nanoparticles are well-

dispersed within the carbon matrix, which is important 

for maintaining stability while providing active sites 

for catalytic reactions. 

Trace amounts of calcium (0.26%) and magnesium 

(0.18%) were also detected. These elements likely 

originate from impurities during synthesis or from the 

raw materials used in the process. Although present in 

small quantities, these elements can influence the 

overall properties of the nanocomposite, potentially 

affecting its mechanical stability or offering minor 

catalytic contributions. 

  In summary, FESEM-EDX analysis provides a 

detailed understanding of the AC- MnO2 

nanocomposites’ structural and compositional 

characteristics. The rough, porous morphology 

observed in the FESEM images is typical of activated 

carbon, which supports the dispersion of MnO2 

nanoparticles while maintaining high surface area and 

stability. EDX analysis confirms the presence of 

manganese oxide, carbon, and oxygen, which are 

critical for the nanocomposites’ catalytic properties. 

Although the particles exhibit some aggregation, the 

porous carbon matrix compensates for the larger 

particle size by offering sufficient surface area for 

adsorption and catalytic processes. The combination 

of MnO2’s redox activity and the high surface area of 

activated carbon make this nanocomposite a 

promising material for environmental applications, 

particularly in the removal of organic pollutants. 

Functional group analysis 

 
Figure 2 FTIR analysis of synthesized sample 
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The FTIR analysis of activated carbon doped with 

MnO₂ revealed characteristic peaks corresponding to 

both the functional groups of activated carbon and the 

structural Mn-O bonds of α-MnO₂. The peak at 2653 

cm⁻¹ suggests the presence of O-H stretching 

vibrations, likely from adsorbed water or hydroxyl 

functional groups [13]. The peaks observed at 1096 

cm⁻¹ and 1030 cm⁻¹ correspond to C-O stretching 

vibrations, indicating oxygen-containing functional 

groups on the carbon surface [14]. Additionally, the 

peak at 876 cm⁻¹ may be attributed to C-H bending 

vibrations or surface interactions involving Mn-O. The 

presence of α-MnO₂ was confirmed by the distinct 

peaks at 535 cm⁻¹ and 474 cm⁻¹, with the strong peak 

at 535 cm⁻¹ specifically attributed to Mn-O bond 

vibrations [15]. These findings confirm the successful 

incorporation of MnO₂ into the activated carbon 

matrix, with the observed functional groups 

suggesting potential improvements in adsorption 

capacity and catalytic activity. 

B. Batch Adsorption Experiments 

Effect of Initial MG Concentration on Adsorption 

Efficiency 

The adsorption efficiency of Malachite Green (MG) 

onto the catalyst was evaluated at varying initial 

concentrations (10–40 ppm) under controlled 

conditions: 100 mg of AC-MnO₂-NC in 50 mL of 

solution at 30°C in 180 minutes. The results 

demonstrate a clear relationship between MG 

concentration and adsorption efficiency. At 10 ppm, 

the adsorption efficiency was 82%, increasing to a 

maximum of 88% at 20 ppm. However, as the 

concentration further increased to 30 ppm and 40 ppm, 

the efficiency slightly decreased to 87% and 85%, 

respectively. This trend suggests that at lower 

concentrations, the catalyst provides sufficient active 

sites for MG adsorption, leading to high removal 

efficiency. The peak efficiency observed at 20 ppm 

indicates optimal adsorption conditions. Beyond this 

concentration, the decline in efficiency may be 

attributed to the progressive saturation of available 

adsorption sites, reducing the catalyst's ability to 

capture additional MG molecules [16]. Overall, the 

adsorption process is highly effective at lower MG 

concentrations, with maximum efficiency at 20 ppm. 

At higher concentrations, reduced efficiency suggests 

potential limitations in active site availability and 

adsorption capacity. 

 

Figure 3 Effect of Initial MG Concentration on 

Adsorption Efficiency 

Effect of Catalyst Dosage on MG Adsorption 

Efficiency 

The adsorption efficiency of Malachite Green (MG) 

was evaluated as a function of AC-MnO₂-NC catalyst 

dosage at a fixed MG concentration of 40 ppm, a 

contact time of 90 minutes, and a temperature of 30°C. 

The results indicate a strong dependence of MG 

removal efficiency on the catalyst amount. At lower 

catalyst dosages (0.01–0.03 g), the removal efficiency 

was minimal, ranging from 1.37% to 4.08%, due to 

insufficient active adsorption sites. A notable increase 

in efficiency was observed at 0.04 g (24.81%) and 0.05 

g (26.45%), suggesting improved MG adsorption as 

more active sites became available. As the catalyst 

dosage further increased, the removal efficiency 

continued to rise, reaching 44.00% at 0.06 g and 

55.22% at 0.07 g. The highest adsorption efficiency of 

74.33% was achieved at 0.1 g, indicating the optimal 

dosage for maximum MG removal. The increasing 

adsorption efficiency with higher catalyst dosage is 

attributed to the greater availability of active sites, 

facilitating more MG uptake. However, beyond 0.07 

g, the rate of efficiency improvement slowed, likely 

due to adsorption site saturation or particle 

aggregation, which may reduce the effective surface 

area [17]. These results suggest that while increasing 

catalyst dosage enhances MG removal, the highest 

efficiency is achieved at 0.1 g. Therefore, selecting an 

optimal dosage is crucial for maximizing adsorption 

performance while maintaining cost-effectiveness. 



© February 2025 | IJIRT | Volume 11 Issue 9 | ISSN: 2349-6002 
 

IJIRT 172957 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1478 

 

Figure 4 Effect of catalyst dosage on Adsorption 

Efficiency 

Effect of Temperature 

The effect of temperature on the adsorption of 

Malachite Green (MG) using AC-MnO₂-NC (100 

mg/50 mL) as a catalyst was investigated by analyzing 

adsorption efficiency at different concentrations and 

temperatures, with a reaction time of 180 minutes.The 

study aimed to understand the thermodynamic nature 

of the adsorption process and its implications for dye 

removal efficiency. Experimental data revealed that 

adsorption efficiency increased with temperature, 

suggesting an endothermic adsorption mechanism. At 

30°C, adsorption efficiency varied significantly with 

MG concentration, reaching 82% at 10 ppm and 85% 

at 40 ppm. The efficiency was lower at 40°C, 

particularly at 20 ppm, where it dropped to 36%, 

indicating a potential energy barrier to adsorption at 

this temperature. However, at 50°C and 60°C, 

adsorption efficiency remained consistently high 

across all concentrations, with maximum values of 

91.3% and 98.6% at 30 ppm, respectively. The 

increasing efficiency at elevated temperatures 

indicates enhanced molecular interactions between 

MG molecules and the MnO₂ surface. 

The observed trend suggests that higher temperatures 

facilitate the adsorption process by increasing the 

mobility of MG molecules and promoting stronger 

interactions with active sites on the MnO₂ catalyst. The 

adsorption process likely involves physical and 

chemical interactions, where temperature enhances 

diffusion rates and possibly influences surface 

reaction kinetics [18,19,20]. The significant increase 

in efficiency at 60°C supports the hypothesis that the 

adsorption mechanism follows an endothermic 

pathway, with temperature playing a crucial role in 

overcoming activation energy barriers. 

 
Figure 5 Effect of reaction temperature on 

Adsorption Efficiency 

Effect of ion on adsorption process 

The effect of co-ions on the adsorption of malachite 

green (MG) by AC-MnO₂-NC was evaluated at a 

concentration of 40 mg/L of dye and an adsorbent 

dosage of 2%. The addition of various salt solutions, 

including BaCl₂, KCl, NH₄Cl, (NH₄)₂CO₃, and NaCl, 

significantly impacted the adsorption efficiency (table 

1). The removal efficiency of MG in the presence of 

these salts varied, with ammonium carbonate 

((NH₄)₂CO₃) exhibiting the highest removal efficiency 

at 95.95%, followed by potassium chloride (KCl) at 

90.74%. Barium chloride (BaCl₂) and sodium chloride 

(NaCl) demonstrated moderate effects, resulting in 

removal efficiencies of 68.88% and 84.59%, 

respectively. In contrast, ammonium chloride (NH₄Cl) 

showed the least effect on adsorption, with a removal 

efficiency of only 33.04%. These results suggest that 

the presence of specific ions can either enhance or 

reduce the adsorption process depending on their 

interaction with the dye molecules. The higher 

removal efficiency observed with ammonium 

carbonate could be attributed to the specific chemical 

interactions between the ammonium ions and the dye, 

promoting greater adsorption. Conversely, ammonium 

chloride likely interferes with the adsorption due to the 

competition between ammonium ions and dye 

molecules. Potassium chloride and sodium chloride, 

being simpler salts, also affected the adsorption 

process, albeit to a lesser extent. Overall, the ionic 

species played a critical role in modulating the 

adsorption capacity of AC-MnO₂-NC, with variations 
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in removal efficiency linked to ion-specific 

interactions and their influence on the surface 

properties of the adsorbent. 

Table 1: Effect of co ion on adsorption process 

Effect of Co-ions Removal Efficiency 

(%) 

BaCl2 68.88 

KCl 90.74 

NH4Cl 33.04 

(NH4)2CO3 95.95 

NaCl 84.59 

 

IV. CONCLUSION 

 

This study successfully synthesized and characterized 

an activated carbon-manganese dioxide (AC-MnO₂) 

nanocomposite and demonstrated its potential as an 

efficient adsorbent for Malachite Green (MG) dye 

removal from aqueous solutions. The FESEM-EDX 

and FTIR analyses confirmed the successful 

incorporation of MnO₂ nanoparticles into the porous 

activated carbon matrix, providing high surface area 

and stability. Batch adsorption experiments revealed 

that adsorption efficiency was strongly influenced by 

initial dye concentration, catalyst dosage, temperature, 

and co-ion presence. The optimal adsorption 

conditions were observed at 20 ppm MG concentration 

and 0.1 g of adsorbent, achieving a maximum 

efficiency of 88%. Temperature-dependent studies 

indicated an endothermic adsorption mechanism, with 

efficiency reaching 98.6% at 60°C. The presence of 

co-ions had a variable impact, with ammonium 

carbonate enhancing adsorption while ammonium 

chloride significantly reduced it. 

Overall, the AC-MnO₂ nanocomposite exhibits strong 

potential for wastewater treatment applications due to 

its high adsorption capacity, thermal stability, and 

effective pollutant removal. These findings highlight 

its suitability for large-scale environmental 

remediation, particularly in the removal of organic 

contaminants. Future studies should focus on 

optimizing the synthesis process, evaluating 

reusability, and exploring real wastewater applications 

to further establish its practical viability. 
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