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Abstract  

Activated carbon derived from lignocellulose-rich groundnut shells was syn-

thesized through chemical activation using potassium hydroxide (KOH) to 

enhance its surface area and porosity. The activation process involved im-

pregnation with KOH and carbonization at elevated temperatures, resulting 

in groundnut shell-activated nanocarbon (GSANC) with highly developed 

micro and mesoporous structures. The KOH activation significantly im-

proved the materials' surface area, creating numerous active sites that en-

hanced its adsorption capacity. This material demonstrated excellent com-

patibility for removing methylene blue (MB) dye from aqueous solutions, 

with its adsorption process being driven by electrostatic interactions, π-π 

stacking, and hydrogen bonding. The high affinity of GSANC for MB high-

lights its potential as an effective adsorbent for wastewater treatment. 

GSANC exhibited a type I N2 adsorption-desorption isotherm with an H4 hys-

teresis loop, indicating a mixture of micro and mesopores, a high specific 

surface area of 665.802 m²/g, and an average pore diameter of 2.97 nm. Its 

maximum adsorption capacity (qmax) for MB was 212.766 mg/g.   
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Introduction  

Organic dyes impart colour to materials by absorbing light in the visible 

spectrum. These dyes are categorized based on their chemical structures, 

including azo dyes, anthraquinone dyes, and phenothiazine dyes (1,2). The 

synthetic basic dye Methylene Blue (MB) belongs to the phenothiazine 

group, with the chemical formula C₁₆H₁₈ClN₃S (3,4). It is a cationic dye with 

a positive charge, widely used in industries like textiles, leather, paper, and 

plastics. It causes significant environmental challenges due to its visibility 

and toxicity, even at low concentrations (5). Because of its high reactivity 

and adsorption capability, activated carbon is a highly effective method for 

removing MB dye from wastewater. However, the cost of activated carbon is 

a significant drawback. To mitigate this, efforts have been made to produce 

activated carbon from agricultural wastes containing lignocellulosic com-

pounds, which exhibit properties akin to nanomaterials, offering a more 

cost-effective and sustainable solution with great potential for removing 

different pollutants like dyes (6–8). These could be low-cost, eco-friendly, 
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regenerative, and abundant (9). Groundnut shells are rich 

in lignocellulosic polymer materials, giving them signifi-

cant potential as a precursor for biochar and activated 

carbon production (10). 

 Activated nanocarbon made from groundnut shells 

has a high surface area, porous structure, pore diameter, 

and cation exchange capacity, making it an excellent ma-

terial for adsorption (11). Even though the activation of 

biomass can be done by different activation methods 

physically and chemically, potassium hydroxide KOH is 

regarded as an effective activator when producing activat-

ed carbon with a predominantly microporous structure 

(12). This study focuses on producing activated carbon 

from groundnut shells using KOH activation and evaluat-

ing its adsorption capacity for removing methylene blue 

dye from the solution.   

 

Materials and Methods 

Groundnut shells are collected from the Department of Oil 

Seeds, Tamil Nadu Agricultural University, Coimbatore, 

India. KOH was procured from Himedia Laboratories Pvt. 

ltd., Mumbai, India. Methylene blue was purchased from 

Isochem Laboratories, Kochi, India.  

Preparation of pristine groundnut shell biochar         

Groundnut shells are washed with deionized water and 

dried in the hot air oven. After drying, shells are pulverized, 

sieved through a 100-mesh sieve, and stored in a low-

moisture environment. Under a limited atmosphere, the 

crushed shells are pyrolyzed to pristine biochar at 500°C in 

a pyrolysis unit. After washing with distilled water, the bio-

char was dried in a hot air oven at 80°C for 24 hours. After 

pyrolysis, 10 kgs of pulverized groundnut shells yielded      

1 kg of biochar. This procedure produced pristine Ground-

nut Shell Biochar (GSBC). 

Preparation of groundnut shell-activated nanocarbon         

GSBC sample of 6.0g was loaded in centrifuge tubes, mixed 

with 6.0g KOH (1:1 ratio) and 20 distilled water, and oscil-

lated on a shaker for 24 hours. The biochar was dried at  

80°C for 24 hours, placed in a ceramic crucible, and activat-

ed at 700°C for 2 hours in a muffle furnace with a heating 

rate of 5°C/min. After cooling, 5g of the modified biochar 

was mixed with 10 mL of 10% H2SO4 and oscillated for         

2 hours to create exfoliated biochar with nanocarbon 

properties. The product was washed with deionized water 

and 0.1 mol/L of HCl until neutral pH, then dried at 80°C for 

24 hours. The resulting nanocarbon, stored in an inert, low

-moisture environment, is called groundnut shell-

activated nanocarbon (GSANC). 

Physio-chemical characterization studies        

GSBC and GSANC were analyzed for surface morphology 

using Field Emission Scanning Electron Microscopy 

(FESEM) with Energy Dispersive Spectroscopy EDS (Tescan 

- Mira3 XMU, Czech Republic). BET surface area analysis 

(Quantachrome® ASiQwinTM, United States of America) 

was used for specific surface area measurements. XRD 

(Shimadzu 6000, Japan) identified mineral composition, 

and FTIR (Shimadzu, Japan) detected reactive functional 

groups. TGA/DTG (EXSTAR/G300) to determine the com-

bustion profile of the materials. Ultimate analysis of raw 

groundnut shell, groundnut shell biochar, and groundnut 

shell nano carbon was performed with a CHNS-O analyzer 

(Thermo Finnigan FLASH EA 1112 Series, United States of 

America). 

Adsorption studies of MB on GSANC        

The adsorption conditions were optimized by varying the 

GSANC dosage from 0.02 to 0.10g, initial MB concentra-

tions prepared from the stock solution, diluted to 10 to 

50 mg/L, and solution pH 2 to 12. 100 mL MB solution in 

250 mL Erlenmeyer flasks was stirred in an incubated shak-

er at 100 strokes/min. Absorbances at 661 nm were meas-

ured using a HACH DR 2800 UV-vis spectrophotometer, and 

concentrations were determined from a calibration curve. 

The equilibrium isotherm was determined at 303K with 

initial MB concentrations of 10 to 50 mg/L     and contact 

times of 0 to 360 minutes. The percentage of dye removal 

(DR%) and adsorption capacity (qe) were calculated by 

(Eqn. 1 and 2), respectively. 

 

 

 

 

 

 Where; C (mg/L) – Initial concentration of MB dye;  

Ce (mg/L) – Equilibrium concentrations of MB dye;           

qe (mg/g) – Amount of dye adsorbed at equilibrium;        

V (L) – Volume of dye solution;  W (g) – GSANC dosage.   

 

Results   

Characterization of GSBC and GSANC        

FESEM with EDS          

FESEM micrographs were shown to compare the morpho-

logical structures of GSBC (Fig. 1a & 1b) and GSANC (Fig. 1c 

and 1d). Initially, the biochar surface is uneven but has a 

smooth texture. After activation with KOH and treatment 

with 10% H2SO4, the biochar shows distinct porous fea-

tures and layered structures, enhancing the formation of 

micropores and mesopores. This increases the surface-

active sites, improving the adsorption capacity for metal 

ions and organic pollutants. Elemental composition via 

EDS spectra for GSBC (Fig. 2) and GSANC (Fig. 3) is in 

(Table 1). KOH is more effective than other chemical 

agents due to its ability to form intercalation compounds 

with carbon. The activation process involves carbon gasifi-

cation, CO2 release, and the reduction of K2O to K, leading 

to pore development depicted in the (Eqn. 3 to 10) given 

below (13,14). 

2KOH → K2O + H2O  

H2O + C → CO + H2↑ 

(CO + H2O → CO2 + H2↑  

CO2 + K2O → K2CO3  

……..(Eqn. 3) 

……..(Eqn. 4) 

……..(Eqn. 5) 

……..(Eqn. 6) 
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K2CO3 → K2O + CO2  

CO2 + C → 2CO  

K2O + 2C → K + 2CO↑  

K2CO3 + C → 2K + 3CO↑  

The activation of carbon with KOH occurs in three stages. 

 In the primary stage, H2O and CO2 formation (Eqn. 3 

to 5) develop porosity in the carbon. Later, at tempera-

tures near and above 700°C, K2O and K2CO3 formation 

(Eqn. 6 to 8) etches the carbon structure, creating a porous 

framework through redox reactions. Above 700°C, metallic 

potassium formation (Eqn. 9 and 10) is crucial for develop-

ing porosity by incorporating and diffusing potassium into 

the carbons' internal structure, creating new pores, and 

expanding existing ones in the final stage.  

BET Surface area analysis        

Bruneuer-Emmett-Teller surface area analysis shows a 

substantial rise in the surface area of GSANC compared to 

GSBC. KOH impregnation at high temperatures increases 

the surface area and total pore volume by creating porous 

……..(Eqn. 7) 

……..(Eqn. 8) 

……..(Eqn. 9) 

……..(Eqn. 10) 

(B) 

(D) 

(A) 

(C) 

5.02 

2.37 

1.98 

Fig. 1. FESEM micrographs of GSBC (A) 200nm, (B) 2μm, and GSANC (C) 1μm, (D) 200nm.  

Fig. 2. EDS spectra of GSBC.  Fig. 3. EDS spectra of GSANC.  
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activated carbon through interactions with gasification. 

The N2 adsorption-desorption isotherm plots for GSBC and 

GSANC are shown in (Fig. 4 and 5) respectively, with textur-

al properties in (Table 2). GSBC shows a rare Type III iso-

therm, lacking limiting adsorption at high relative pressure 

(p/po) (Fig. 4). Meanwhile, GSANC shows a Type I isotherm 

and a Type IV (H4) hysteresis loop (Fig. 5) (15). Similarly, 

sorghum waste was activated by one mol/L KOH at 800°C 

for two hours, whereas surface area increased from 0.4 

mg/g to 948.6 mg/g in shoot AC and 0.5 mg/g to 168.1 mg/g 

in root AC (16). Due to micropore filling, GSANC displays a 

sharp rise in adsorption at low relative pressure. At more 

significant pressure, however, multilayer adsorption and 

capillary condensation were observed, signifying the pres-

ence of both micropores and mesopores (17). Capillary 

condensation at p/po above 0.4 suggests broad slit-like 

mesopores in GSANC. BET analysis reveals that the GSANC 

has a specific surface area of 665.802 m²/g, a total pore 

volume of 4.95 cc/g, and an average pore diameter of 2.97 

nm. Micropores contribute 612.286 m²/g (91.96%) of the 

surface area.  

 

XRD analysis         

The XRD pattern reveals that GSBC exhibits a broad peak 
near 23° along with distinct sharp peaks at 28.2°, 29°, 37.3°, 

40°, and 47° suggesting both crystallinity and the presence 

of a small quantity of other minerals (11). In contrast, 

GSANC has distinct peaks at 2θ values of about 23° and 

44°, corresponding to the 002 and 100 planes of graphitic 

crystallites, with broad peaks suggesting an amorphous 

nature (Fig. 6).  

TGA/DTG analysis        

The TGA/DTG analysis of GSBC and GSANC revealed a dis-

tinct three-step weight loss (Fig. 7 and 8). The first stage, 

between 20-200°C, indicated a significant weight reduction 

corresponding to moisture removal from the sample. The 

Samples 
Chemical composition 

C K O K N K Si K Br L K K Ca K S K Cl K Mg K Na K 

GSBC Weight % 61.15 27.00 - - - 3.83 3.26 - 1.45 1.80 1.51 

GSANC Weight % 66.20 23.93 1.26 3.00 1.77 1.80 1.28 0.77 - - - 

Table 1. EDS spectral composition of GSBC and GSANC.  

Fig. 4. N2 adsorption-desorption isotherms of GSBC.  

Fig. 5. N2 adsorption-desorption isotherms of GSANC.  

Fig. 6. XRD patterns of GSBC and GSANC.  

Properties Units 
Samples 

GSBC GSANC 

SBET m²/g 1.362 665.802 

SLangmuir m²/g 0.000 1464.310 

SBJH m²/g 1.324 103.426 

SExt m²/g 0.070 53.516 

Smi m²/g 1.432 612.286 

VT cc/g 2.17 4.95 

VM cc/g 0.001 0.316 

Average pore size nm 6.39 2.97 

VBJH cc/g 0.021 0.198 

WBJH nm 3.623 3.653 

Particle size nm 1034 118 

Table 2. Textural properties of GSBC and GSANC.  

SBET: Specific surface area (Brunauer-Emmett-Teller); SLangmuir: Specific sur-
face area (Langmuir adsorption isotherm); SBJH: Specific Surface Area by 
Barrett-Joyner-Halenda method; SExt: External Surface Area; Smi: Micropore 
Surface Area; VT: Total Pore Volume; VM: Micropore Volume; VBJH: Pore Vol-
ume by Barrett-Joyner-Halenda method; WBJH: Pore Width by Barrett-Joyner-
Halenda method.  
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second stage, between 200-500°C, showed a substantial 

weight loss attributed to pyrolysis or carbonization, as 

volatiles and tar substances were eliminated. In the third 

stage, the breakdown of a high-strength structure was ob-

served during the temperature range of 500-700°C (18). 

Beyond 700°C, the weight loss was minimal, indicating the 

stability of the adsorbents' basic structure.  

FT-IR analysis        

FT-IR (Fourier Transform Infrared) analysis is widely used 
to identify the functional groups on the surface of activat-

ed carbon and provides valuable insight into the chemical 

composition of GSANC. Functional groups such as carboxyl 

(-COOH) and hydroxyl (-OH) are particularly beneficial, as 

they can interact with positively charged dye molecules. A 

more significant number of these desirable functional 

groups on the surface of activated carbon enhances its 

adsorption capacity, especially for cationic dyes like meth-

ylene blue (19). The functional groups detected by FT-IR 

analysis shows for GSBC (Fig. 9), absorption at 1553.488 

cm⁻¹(N-O stretching), 1397.537 cm⁻¹ (C-O stretching), 

689.192 cm⁻¹(C= C bending), and 511.901 cm⁻¹(C-Cl 

stretching). For GSANC, absorption at 3819.699 cm⁻¹ (OH 

stretch), 3628.454 cm⁻¹(alcoholic OH stretch), 3090.834 cm
-⁻¹(=C-H stretch), 2326.675 cm⁻¹ (C=N nitrile stretch), 

1505.882 cm⁻¹ (C=O amide stretch), and 713.816 cm⁻¹ (C=C 

bending) as shown in Fig. 10. 

Ultimate analysis         

From the Ultimate analysis, the H/C molar ratio indicator 
of the degree of aromaticity and stability of GSBC and 

GSANC was calculated at 0.02 and 0.05, respectively, fall-

ing below the threshold of 0.7, aligning with the standards 

set by the IBI (20) and EU guidelines (21). Similarly, the O/C 

molar ratio indicates the oxidation level and the extent of 

carbonization of GSBC and GSANC was 0.18 and 0.208, 

meeting the EU guidelines' requirement of being below 

0.4.  

Adsorption Studies         

Effect of GSANC dosage         

The effect of GSANC dosage on the removal of MB dye was 

investigated by varying the adsorbent amount from 0.02 to 

0.10 grams while maintaining all other parameters as con-

stant, as shown in (Fig. 11). The efficiency of MB dye re-

moval increased significantly from 24.2 to 99.9 % as the 

adsorbent dosage was increased 0.02 to 0.08 grams. It was 

clear that increasing the adsorbent dose to more than  

0.08 grams cannot show any significant dye removal. Since 

the maximum removal of MB dye ions of 99.9 % was 

achieved with a 0.08 gram dosage, this amount of GSANC 

was selected for future applications. 

Fig. 8. TGA/DTG results of GSANC.  

Fig. 9. FT - IR spectra of GSBC.  

Fig. 10. FT - IR spectra of GSANC.  

Fig. 7. TGA/DTG results of GSBC.  
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Influence of pH        

The pH of a solution significantly affects the adsorption 

process by modifying the adsorbents' surface charge and 

the adsorbate molecules' ionization degree. To investigate 

the effect of pH on the removal of MB dye ions, experi-

ments were carried out across a pH range of 2-12 using an 

optimized dosage of GSANC while keeping other parame-

ters constant (30 mg/L concentration, 0.08 grams adsor-

bent dosage, 360 minutes contact time). Understanding 

MB dye uptake at various pH levels requires identifying 

where the adsorbent's surface has a neutral net charge, 

known as the point of zero charge (pHzpc). The pKa value 

of MB dye, which is 3.8, indicates that MB dye molecules 

exist in cationic form in the solution. The pHzpc of GSANC 

is slightly basic at 7.2. The highest adsorption capacity of 

45.35 mg/g was observed at pH 8 (Fig. 12), a fundamental 

condition where the GSANC surface acquires a negative 

charge, attracting MB molecules through electrostatic at-

traction. At the lowest pH values of the adsorbent, repul-

sive electrostatic attraction is forced between MB dye ions 

and positively charged functional groups of GSANC adsor-

bent. At the alkaline pH of the solution, the adsorbent be-

comes negatively charged, leading to the effective removal 

of cationic MB dye ions. Consequently, pH 8 is the opti-

mized pH solution for further experiments. 

Effect of the initial concentration and contact time         

The effects of contact time and initial concentrations of MB 

dye (ranging from 10 to 50 mg/L) on the adsorption capaci-

ty of GSANC were evaluated using optimized parameters. 

The adsorption capacities of GSANC at a specific time, de-

noted as qt (mg/g), were plotted against time (min) for var-

ious MB dye concentrations, as illustrated in (Fig. 13). The 

adsorption capacity of GSANC was observed to increase by 

12.48 to 45.35 mg/g as the concentration of MB dye 

rose 10 to 50 mg/L. In the early stages of the process, there 

was a swift increase in adsorption capacity at all concen-

trations, likely due to the abundance of available adsorp-

tion sites on the GSANC for MB dye uptake. As the process 

progressed, the adsorption rate gradually declined and 

eventually stabilized, signaling that equilibrium between 

the adsorbent and the adsorbate was being reached. Equi-

librium times for the GSANC-MB interaction were achieved 

at 210, 270, 300, 330, and 330 minutes for concentrations 

of 10, 20, 30, 40, and 50 mg/L, respectively. At higher MB 

dye concentrations, more time was needed to achieve 

equilibrium due to the concentration gradient, which facil-

itates the diffusion of dye into the internal pores and sur-

face of the adsorbent. 

Adsorption kinetics and modelling          

Understanding the kinetics and identifying the rate-

determining step is essential to design an effective adsorp-

tion system. In this study, three kinetic models' pseudo-

first-order (PFO) (22), pseudo-second-order (PSO) (23), and 

Elovich (24) were applied to the experimental data to elu-

cidate the adsorption mechanism of MB dye on GSANC. 

Linear forms of these models were used to minimize statis-

tical bias. The best-fitted model was selected based on the 

highest coefficient of determination (R²) from the respec-

tive equations for PFO (Eqn. 11), PSO (Eqn. 12), and Elovich 

(Eqn. 13a and 13b). 

  

  
Fig. 12. Effect of pH on adsorption capacity.  

Fig. 13. Effect of the contact time on MB dye adsorption on GSANC at differ-
ent initial concentrations.  

Fig. 11. Effect of adsorbent dosage on MB removal %.  
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 Where; k1 (per min) – Lagergren's PFO kinetic pa-

rameter; qt (mg/g) – Amount of dye adsorbed at time t; qe 

(mg/g) – Amount of dye adsorbed at equilibrium; k2 

(mg/g/min) – PSO kinetic parameter; α (mg/g/min) – Initial 

adsorption rate; β (g/mg) – Extent of surface coverage and 

the activation energy for chemisorption. 

 Using an initial concentration (Co) of 30 mg/L, 

(Fig. 14,15,16) illustrates the PFO, PSO, and Elovich model 

plots, while (Table 4) presents the extracted parameters 

and their R² values. The analysis shows that MB adsorption 

by GSANC follows the PSO model, as indicated by higher R² 

values. 

Isotherm modelling        

The adsorption capacities of GSANC were evaluated at 
initial concentrations of 30, 40, and 50 mg/L. The interac-

tion between MB dye and GSANC was analyzed using Lang-

muir and Temkin isotherm models (25, 26, 27). The Lang-

muir model describes monolayer adsorption on fixed sites 

(Eqn. 14a), with the Langmuir constant R L given in   

(Eqn. 14b). The Freundlich model describes multilayer ad-

sorption on heterogeneous surfaces (Eqn. 15). The Temkin 

model accounts for a decrease in adsorption heat with 

increased coverage, reflecting adsorbent-adsorbate inter-

actions (Eqn. 16). 

 

 

 

 

……..(Eqn. 11) 

……..(Eqn. 12) 

……..(Eqn. 13a) 

……..(Eqn. 13b) 

Fig. 14. PFO model for MB dye adsorption by GSANC.  

Fig. 15. PSO model for MB dye adsorption by GSANC.  

Fig. 16. Elovich model for MB dye adsorption by GSANC.  

  PFO PSO Elovich 

Co (mg/L) qe cal     
(mg/g) 

k1                     

(mg/g/min) R2 qe cal     
(mg/g) 

k2                     

(mg/g/min) R2 α β R2 

10 4.45 0.004 0.43 13.47 0.003 0.99 1.86 0.42 0.95 

20 5.23 0.005 0.56 30.21 0.0004 0.94 2.02 0.21 0.87 

30 6.01 0.006 0.53 47.39 0.0001 0.90 2.46 0.14 0.83 

40 7.17 0.006 0.56 57.14 0.0001 0.90 3.09 -2.1 0.84 

50 8.05 0.006 0.51 58.24 0.0002 0.94 3.65 -2.1 0.87 

Table 4. Pseudo First Order (PFO), Pseudo Second Order (PSO) and Elovich kinetic parameters for MB dye adsorption by GSANC.  

Co: initial concentration; qe: Amount of dye adsorbed at equilibrium; k1: Lagergrens' PFO kinetic parameter; R2: coefficient of determination; k2: PSO kinetic pa-

rameter; α: Initial adsorption rate; β: Extent of surface coverage and the activation energy for chemisorption.  

……..(Eqn. 14a) 

……..(Eqn. 14b) 
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 Where; qe (mg/g) – Amount of dye adsorbed at equi-

librium; Ce (mg/L) – Equilibrium dye concentration;       

Xm (mg/g) – Maximum adsorption capacity; KL – Langmuir 

constant;  Co – Initial concentration; kf and n – Freundlich 

constants; B (J/mol) – Temkin constant; kT (L/g) – Temkin 

isotherm energy constant; bT (J/mol) – Heat of adsorption; 

R – Gas constant (8.314 J/mol K). 

 Based on R2 values from the isotherm models in 

(Table 5), the adsorption of MB onto the GSANC surface 

was analyzed. The Langmuir, Freundlich, and Temkin iso-

therms for MB dye adsorption by GSANC, with a constant 

adsorbent dosage of 0.08 grams, solution pH of 8, temper-

ature set at 30°C (303 K), an agitation speed of 150 strokes, 

and a 100 mL volume of MB solution are illustrated in  

(Fig. 17 to 19).  The adsorption of MB on the GSANC surface 

followed the Langmuir adsorption isotherm, indicating 

that the MB uptake occurred as a monolayer on homoge-

nous, fixed adsorption sites. The qmax value of 212.766 mg/g at 

30°C demonstrates the adsorption capacity of MB dye ions 

on GSANC at elevated temperatures. 

Adsorption thermodynamics         

The thermodynamic parameters, including Gibbs free en-

ergy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°), for the ad-

sorption of methylene blue (MB) dye ions onto GSANC, 

were determined at varying temperatures (30°C, 40°C, 50°C, 

and 60°C), as described by Eqns. 17, 17a, 19, and 20. 

 

 

 

Whereas,  

 
 

 

Vant Hoffs' equation:   
 

 

 By vant hoffs' plot (28) (Eqn. 18) of lnK versus  

thermodynamic parameters was determined, as shown 

in Fig. 20. determination of ΔH  and ΔS  from the slope and 

intercept has been done, respectively (Table 6). 

 

Adsorption        
isotherm Langmuir Freundlich Temkin 

Parameter qmax (mg/g) KL R2 Kf (mg/g) 
(L/ mg)1/n n R2 KT (L/ mg) bT (J/ mol) R2 

Value 212.766 0.21659 0.9999 1.2268 0.6370 0.8277 0.6995 199.00 0.992 

Table 5. Parameters of isotherm models for MB dye adsorption by GSANC at 30oC.  

qmax: Maximum adsorption capacity; KL: Langmuir constant; R2: coefficient of determination; Kf & n: Freundlich constants; KT: Temkin isotherm energy constant; 
bT: Heat of adsorption.  

Fig. 17. Langmuir adsorption isotherm of MB dye adsorption by GSANC.  

Fig. 18. Freundlich adsorption isotherm of MB dye adsorption by GSANC.  

Fig. 19. Temkin adsorption isotherm of MB dye adsorption by GSANC.  

……..(Eqn. 15) 

……..(Eqn. 16) 

……..(Eqn. 17a) 

……..(Eqn. 18) 

……..(Eqn. 17) 
ΔG = − RTlnK  
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 Where; Kd – Distribution coefficient; ΔG – Gibbs en-

ergy; ΔH – Ethalpy; ΔS° – Entropy. 

 The thermodynamic parameters show that the dis-
tribution coefficient (Kd) increases with temperature, indi-

cating improved adsorption capacity of GSANC for Meth-

ylene Blue (MB) dye. Negative ΔG values signify that the 

adsorption process is spontaneous, whereas positive ΔH° 

values indicate that the process is endothermic. Positive 

ΔS° values suggest that MB dye displaces water molecules 

on GSANC. The increasing Kd values with increasing tem-

perature further highlight the endothermic nature of the 

adsorption process, showing that higher temperatures 

improve the adsorption of MB dye ions by GSANC. The ex-

periment was conducted at room temperature, approxi-

mately 30°C, which was identified as the optimal tempera-

ture. This temperature recorded The maximum adsorption 

capacity at 212.766 mg/g.  

 

Discussion 

GSANC offers exceptional properties that make it highly 

effective for methylene blue (MB) adsorption in 

wastewater treatment due to its enhanced surface area, 

porous structure, and stability. The high adsorption capac-

ity of GSANC stems from its well-developed structural 

characteristics such as surface area, porosity, pore diame-

ter, amorphous nature of the material and its stability. The 

groundnut shell activated with KOH exhibited similar well-

developed properties, achieving a maximum methylene 

blue adsorption capacity of 332.20 mg/g (29). Similarly, a 

maximum adsorption capacity of 208 mg/g for activated 

carbon was derived from groundnut shells, highlighting its 

exceptional properties for effective adsorption (30).  

Characterization studies of GSBC and GSANC         

In our study, FESEM micrographs show that the GSANC 

contains a more porous structure than GSBC. The average 

pore size was recorded as 2.97 nm, and a layered structure 

was formed due to the exfoliation process. Recent studies 

related to the surface area of ACs have recorded that the 

formation of voids on the surface is due to the evaporation 

of potassium hydroxide during activation, creating cavities 

previously filled by the potassium hydroxide (16,30). Rape-

seed biochar activated at 450°C exhibited a pore size of 

1.2 nm, while activation at 700°C resulted in a pore size of 

1.6 nm. In comparison, groundnut shell-activated carbon 

(GSANC) demonstrated a larger pore size, enhancing its 

potential for greater adsorption capacity (31). EDS spectra 

state a more than 5 % increase in the weight % of carbon 

and a slight decrease in the oxygen weight %. There was a 

high rise in carbon content (86.88 wt%) in the KOH-

activated groundnut shells, whereas low carbon content 

(31.02 wt%) was reported in the AC produced from H3PO4 

(29).  

 The appearance of a Type I isotherm combined with 
a Type IV (H4) hysteresis loop in the N2 adsorption-
desorption analysis of GSANC indicates that most of its 
porosity is within the micropore range. This aligns with the 
development of microporous channels formed during the 
activation process of the carbon material (32) and exhibits 
665.802 m²/g with a micropore contribution of 612.286 m²/
g (91.96%), a total pore volume of 4.95 cc/g, and an aver-
age pore diameter of 2.97 nm. The impregnation ratio of 
KOH and biochar and activation temperature affect the 
pore volume, structure, pore diameter and surface area of 
activated carbon. Recent findings by (33) made AC by im-
pregnating KOH to pre-carbonized groundnut shells at 
650oC increased specific surface area from 3.5 to 363.1 m2/g. 
Activated carbon made from groundnut shell with KOH 
(1:1 ratio) at 600oC had a recorded surface area of 412 m2/g 
and MB removal value of 83.33 mg/g, potentially helpful 
for wastewater treatment (34). KOH-activated carbon 
yielded the highest BET surface area at 691.69 m²/g, out-
performing other activating agents like H3PO4 and ZnCl2. 
The high surface area will give the contaminants contami-
nants a high advisor. 

 In XRD patterns, carbon crystallites are generally 
classified into A sharp and narrow reflection pattern, 
which indicates graphitized carbon, like GSBC. In contrast, 
a broad reflection pattern indicates non-graphitized car-
bon, depicted as GSANC. In GSBC, the XRD pattern reveals 
that it exhibits several distinct sharp peaks at 28.2°, 29°, 
37.3°, 40°, and 47°, suggesting both crystallinity and the 
presence of a small number of other minerals. Similar re-
sults have been reported in a recent study by (35), where 

Fig. 20. Vant Hoffs' plot (GSANC adsorption of MB dye).  

Temp
(°C) 

Temp 
(K) Kd ΔG         

(KJ/mol) 
ΔH    (KJ/

mol) 
ΔS        (KJ/

mol) 

30 303 3.305394 -2.98915 

25.588 0.094314 
40 313 4.531684 -3.93229 

50 323 5.983796 -4.87543 

60 333 8.33589 -5.81857 

Table 6. Thermodynamic parameters for the adsorption of MB dye on GSANC.  

Kd: Distribution coefficient; ΔG : Gibbs energy; ΔH : Enthalpy; ΔS : Entropy.  

……..(Eqn. 19) 
Slope = ∴ ΔH° = - (Slope x R)  

……..(Eqn. 20) 
Intercept = ∴ ΔS° = Intercept x R  
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KOH-activated groundnut shell carbon exhibits a crystal-
line carbonaceous structure, as indicated by a curve with 
three characteristic sharp peaks at angles of 25°, 30°, 38°, 
40°, and 50°. The XRD pattern of GSANC reveals that the 
broad peaks at 23° and 44° depict the amorphous nature of 
the AC. The peak at around 44° (100 plane) is from honey-
comb structures formed by sp2 hybridized carbon frame-
work (36). The amorphous nature of porous activated car-
bon was prepared, which exhibited peaks around 24° and 
43.4° corresponding to 002 and 100 planes, respectively, 
exhibiting the amorphous nature (37). In TGA/DTG analy-
sis, substantial weight loss was observed between 200 and 
500°C. It represents the high weight loss observed in both 
GSBC and GSANC. Above the temperature of 500°C, loss in 
weight was minuscule, demonstrating that the basic struc-
ture of the char was formed and became almost constant. 
A residual trace of celluloses and hemicelluloses was ob-
tained. The significant fraction comprises lignin, as it is 
difficult to break down. Studies have revealed that lignin 
decomposition happens slowly from 200 to 900°C 
(11,38,39). FT-IR analysis states that GSANC has absorption 

at 3819.699 cm⁻¹ (water -OH stretch) and 3628.454 cm⁻¹ 

(alcoholic -OH stretch) functional groups are present at the 
3200 to 3900 per cm range (40,41). The -OH functional 
group is an electron donor that helps to bond positively 
charged dyes.  

Adsorption studies of Methylene Blue         

The max value of 212.766 mg/g at 30°C demonstrates the 
highest adsorption capacity of MB dye ions on GSANC. In 
the present study, groundnut shell-activated nano carbon 
(GSANC) treated with KOH demonstrated an adsorption 
capacity of 212.766 mg/g, notably higher than groundnut 
shells activated with K2CO3 (210 mg/g). This adsorption 
capacity favours GSANC, other activated carbons derived 
from feedstocks impregnated with KOH and other chemi-
cals. Previously reported ACs properties and qmax values for 
comparison with GSANC are listed in (Table 7). 

Mechanism of MB adsorption on GSANC        

GSANC has an excellent porous structure, surface area, 
and various surface functional groups, enabling efficient 
MB dye ion removal. Its microporous and mesoporous 
structure aids dye ion diffusion. The MB ion removal is gov-

erned by π-π stacking, electrostatic interactions, and hy-

drogen bonding (Fig. 21.). The negatively charged GSANC 
enhances removal through hydrogen bonding and electro-

static interactions with the cationic dye. Additionally, π-π 

stacking occurs between the aromatic rings of the MB dye 
and the hexagonal structure of GSANC, which contains 
electron-donating groups like -OH (42).  

Conclusion  

In conclusion, the activated carbon derived from ground-
nut shells (GSANC) demonstrated excellent adsorption 
capabilities for methylene blue, primarily attributed to its 
high surface area, well-developed porosity, and favourable 
surface chemistry. The materials' microporous and meso-
porous structure, confirmed through various characteriza-
tion techniques such as BET, FE-SEM, and XRD, enhanced 
their adsorption performance. Functional group analysis 
through FT-IR, thermal stability from TGA, and particle size 
analysis further highlighted its suitability as an efficient 
adsorbent. The combination of these properties under-
scores GSANCs' potential as a highly effective material for 
dye removal. GSANC is also suitable for adsorbing pharma-
ceutical compounds, heavy metals, pesticides, and phe-
nolic compounds.   
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