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Abstract: In this work, activated nanocarbon derived from lignocellulose-rich groundnut shells was synthesized by
KOH impregnation to enhance surface area and porosity, resulting in Groundnut Shell Activated Nanocarbon (GSANC)
and thoroughly characterized for its porosity, particle size, crystallinity, combustion profile, functional groups, and
surface morphology. It exhibited a type I N2 adsorption-desorption isotherm with an H4 hysteresis loop, indicative of
a mix of micro and mesopores, with a high specific surface area of 665.80 m> g'! and an average pore diameter of
2.97 nm. This nanoparticulate activated carbon exhibited exceptional performance in methylene blue (MB) dye
adsorption, achieving a maximum adsorption capacity (qmax) of 212.76 mg g''. The adsorption mechanisms included
electrostatic interactions, n-x stacking, and hydrogen bonding, contributing significantly to its efficacy as an adsorbent
highlighting its potential for applications in wastewater treatment.
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1. Introduction

Organic dyes are compounds that impart colour to materials and are categorized based on their chemical
structures, including azo dyes, anthraquinone dyes, and phenothiazine dyes (Benkhaya et al. 2022, Hashemi
& Kaykhaii 2022). The synthetic basic dye Methylene Blue (MB) belongs to the phenothiazine group, with
the chemical formula CisHisCINsS (Eldeeb et al. 2024, Salimi & Roosta 2019). It is a cationic dye with a pos-
itive charge, widely used in industries like textiles, leather, paper, and plastics, and causes significant environ-
mental challenges due to its visibility and toxicity even at low concentrations (Sen 2023). 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 compounds, which ex-
hibit properties akin to nanomaterials, offering a more cost-effective and sustainable solution having great
potential for removal of different pollutants like dyes (Sawalha et al. 2022, Supong et al. 2019, Tsade Kara
et al. 2021). These could be low-cost, eco-friendly, regenerative, and abundant (Zhou et al. 2015). Groundnut
shells are rich in lignocellulosic polymer materials, giving them significant potential as a precursor for biochar
and activated carbon production (Al-Othman et al. 2012). Activated nanocarbon made from groundnut shells
has a high surface area, porous structure, pore diameter, and cation exchange capacity, making it an excellent
material for adsorption (Shan et al. 2020). Even though the activation of biomass can be done by different acti-
vation methods physically and chemically, KOH is regarded as an effective activator when producing activated
carbon with a predominantly microporous structure (Nam et al. 2018). The present study aimed to synthesis,
characterize and evaluate the efficiency of groundnut shell activated nano carbon on methylene blue adsorption.
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2. Experimental Work
2.1. Materials

Groundnut shells are collected from the Department of Oil Seeds, Tamil Nadu Agricultural University,
Coimbatore, India. KOH is procured from Himedia Laboratories Pvt. Itd., Mumbai, India. Methylene blue was
purchased from Isochem Laboratories, Kochi, India.

2.2. Preparation of groundnut shell biochar and activated nanocarbon

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 place with less moisture. The pulverized shells
are pyrolyzed to pristine biochar at 500°C in a pyrolysis unit under a limited atmosphere. After washing with
distilled water, the biochar was dried in a hot air oven at 80°C for 24 hours. This procedure produced pristine
Groundnut Shell Biochar (GSBC). A weight of 6.0 g GSBC was loaded in centrifuge tubes, mixed with 6.0 g
KOH and 20 mL distilled water, and oscillated on a shaker for 24 hours. The biochar was then dried at 80°C
for 24 hours, placed in a ceramic crucible, and activated at 700°C for 2 hours in a muffle furnace with a heating
rate of 5°C min™'. After cooling, 5 g of the modified biochar was mixed with 10 mL of 10% H>SO4 and oscil-
lated for 2 hours to create exfoliated biochar with nanocarbon properties. The product was washed with deion-
ized water and 0.1M HCI until neutral pH, then dried at 80°C for 24 hours. The resulting nanocarbon is called
Groundnut Shell Activated Nano Carbon (GSANC) and stored in an inert, low-moisture environment.

2.3. Physio-chemical characterization studies

For surface morphology, GSBC and GSANC were analyzed using FESEM with EDS (Tescan - Mira3
XMU, Czech Republic) to analyse the physio-chemical characteristics. 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 combustion 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).

2.4. Adsorption studies of MB on GSANC

The adsorption efficiency of GNANC on MB was optimized by varying the GSANC dosage (0.02-0.10 g),
initial MB concentrations prepared from the stock solution, diluted to (10-50 mg L"), and solution pH (2-12).
100 mL MB solution in 250 mL Erlenmeyer flasks were stirred at 100 strokes min™' in a water bath shaker.
Absorbances at 661 nm were measured using a HACH DR 2800 UV-vis spectrophotometer, and concentrations
were determined from a calibration curve. The equilibrium isotherm was determined at 303 K with initial MB
concentrations of 10-50 mg L' and contact times of 0-360 minutes. The percentage of dye removal (DR %)
and adsorption capacity (qe) were calculated by Equations (1) and (2), respectively.

DR % = % x100 (1)
_(CeCV
Qe =", 2)

where:

C, (mg L") — Initial concentration of MB dye,

C. (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.
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3. Results and Discussion

3.1. Characterization of GSBC and GSANC
3.1.1. FESEM with EDS

Figure 1 shows the FESEM micrographs used to compare the morphological structures of GSBC (a & b)
and GSANC (c & d). Initially, the biochar surface is uneven, but it has a smooth texture. After activation with
KOH and treatment with 10% H,SOs, the biochar shows distinct porous features and layered structures, en-
hancing 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
(Figure 2) and GSANC (Figure 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 gasification, CO,
release, and the reduction of KO to K, leading to pore development explained in the equations (3) to (10)
given below (Wang et al. 2016, Xu et al. 2019).

2KOH — K,0 + H,0 3)
H,0 + C — CO + Hat )
CO + H:0 — CO, + Hat 5)
COz + K20 — KoCOs 6)
K,CO; — KO+ CO, (7)
CO,+C —2CO ®)
K,O+2C —-K+2COt )
KoCOs + C — 2K + 3CO1 (10)

The activation of carbon with KOH occurs in three stages. In the primary stage, H,O and CO, formation
(eq. 3-5) develop porosity in the carbon. Later temperatures near and above 700°C, K,O and K>COs3 formation
(eq. 6-8) etches the carbon structure, creating a porous framework through redox reactions. Above 700°C,
metallic potassium formation (eq. 9 and 10) is crucial for developing porosity by incorporating and diffusing
potassium into the carbon's internal structure, creating new pores and expanding existing ones in the final
stage.

SEM HV: 150 kV. WD: 9.96 mm SEM HV: 5.0kV WD: 12.85 mm
View fleld: 1.38 ym Oet: SE 200 nm View floid: 6.92 pm Oet: SE
SEM MAG: 151 kx  Date(midy): 07/1124 St ns 2 M5 § 50 £4 o Warmen SEM MAG: 30.0 kx  Date(midly): 070524

SEM HV: 15.0kV
View fieid: 5.68 pm t: View flold: 1.39 pm 200 nen

SEM MAG: 36.5 kx  Date(midy): 07/11/24 ORGP pp— SEM MAG: 149 kx _ Date(mvay): 07/11724

Fig. 1. FESEM micrographs of GSBC (a) 200 nm, (b) 2 pm, and GSANC (c¢) 1 um, (d) 200 nm
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Fig. 3. EDS spectra of GSANC

Table 1. EDS spectral composition of GSBC and GSANC

Chemical composition
Samples
CK | OK |INK|SiK|BrL | KK |CaK|SK |CIK|MgK|Nak
GSBC | Weight % | 61.15 | 27.00 | - - - 383 3.26 - | 145 ] 1.80 | 1.51
GSANC | Weight % | 66.20 | 23.93 | 1.26 | 3.00 | 1.77 | 1.80 | 1.28 | 0.77 | - - -

3.1.2. BET Surface area analysis

Bruneuer-Emmett-Teller surface area analysis shows a substantial rise in the surface area of GSANC com-
pared to GSBC. High-temperature KOH impregnation increases the surface area and total pore volume by
creating porous activated carbon through interactions with gasification. The N, adsorption-desorption isotherm
plots for GSBC and GSANC are shown in Figures 4 and 5, respectively, with textural properties in Table 2.
Figure 4 shows GSBC with a rare Type I1I isotherm, lacking limiting adsorption at high relative pressure (p/po).
Figure 5 shows GSANC with a Type I isotherm and a Type IV (H4) hysteresis loop (Sing 1985). Due to mi-
cropore filling, GSANC displays a sharp rise in adsorption at low relative pressure. At greater pressure, how-
ever, multilayer adsorption and capillary condensation are seen, signifying the presence of both micropores
and mesopores. Capillary condensation at P/P, above 0.4 suggests broad slit-like mesopores in GSANC. BET
analysis reveals that the GSANC has a specific surface area of 665.80 m> g, a total pore volume of 0.495 cm® g,

and an average pore diameter of 2.97 nm. Micropores contribute 612.28 m> g”! (91.96%) of the surface area.
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Fig. 5. N adsorption-desorption isotherms of GSANC

Table 2. Textural properties of GSBC and GSANC

. . Samples
Properties Units
GSBC GSANC
Skt m? g’ 1.36 665.80
SLangmuir m? g 0 1464.31
Sein m2 g’ 1.32 103.42
Skxt m? g’ 0.07 53.51
Smi m2 g’ 1.43 612.28
\Z cm’ g! 0.21 0.49
Vi cm’® g! 0.001 0.31
Average pore size nm 6.39 2.97
Ve CIl’l3 g'l 0.02 0.19
WBJH nm 3.62 3.65
Particle size nm 1034 118
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3.1.3. XRD analysis

The XRD pattern depicted in Figure 6 reveals that GSBC exhibits a broad peak near 23° along with distinct
sharp peaks, suggesting both crystallinity and the presence of a small quantity of other minerals (Shan et al.
2020). In contrast, GSANC has distinct peaks at 20 values of about 23° and 44°, corresponding to the (002)
and (100) planes of graphitic crystallites, with broad peaks suggesting an amorphous nature.

—— GSBC
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$ 40 -
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10
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Fig. 6. XRD patterns of GSBC and GSANC
3.1.4. TGA/DTG analysis

The TGA/DTG analysis of GSBC (Figure 7) and GSANC (Figure 8) revealed a distinct three-step weight
loss. The first stage, occurring between 20-200°C, indicated a significant weight reduction corresponding to
the removal of moisture from the sample. The 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,
during the temperature range of 500-700°C, the breakdown of a high-strength structure was observed (Inyang
et al. 2012). Beyond 700°C, the weight loss was minimal, indicating the stability of the adsorbent's basic
structure.
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Fig. 7. TGA/DTG results of GSBC
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Fig. 8. TGA/DTG results of GSANC
3.1.5. FTIR analysis
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The functional groups detected by FTIR analysis (Figure 9) show the following for GSBC: absorption at
1553.488 cm™ (N-O stretching), 1397.537 cm™ (C-O stretching), 689.192 cm™ (C=C bending), and 511.901
cm™! (C-ClI stretching). For GSANC (Figure 10), absorption at 3819.699 cm™ (OH stretch), 3628.454 cm™
(alcoholic OH stretch) (Lian et al. 2011, Xing et al. 2008), 3090.834 cm™* (=C-H stretch), 2326.675 cm™ (C=N
nitrile stretch), 1505.882 cm™ (C=0 amide stretch) (Georgin et al., 2016), and 713.816 cm™ (C=C bending)

(Uchimiya et al. 2011).
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Fig. 10. FTIR spectra of GSANC

Table 3. Chemical characterization of raw groundnut shells, GSBC and GSANC

Sample Groundnut shells GSBC GSANC
Chemical constituents (%)

Cellulose 37.138 - -

Hemicellulose 15.78 - -

Lignin 30.58 - -
Proximate analysis (%)

Moisture content 0.7 1.06 3.02

Volatile matter 52.32 42.21 34.67

Fixed carbon® 18.34 41.127 56.03

Ash content 29.34 16.663 9.300
Ultimate analysis (%)

C 41.670 67.814 71.733

H 5.790 1.972 3.604

N 1.438 0.856 0.484

S 1.090 0 0

o® 20.672 12.695 14.879

*Presented in terms of dry basis
°Estimated by the difference: 0% =100 - C - H- N - S —ash

From Table 3, the ultimate analysis states that 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, falling below the threshold
of 0.7, aligning with the standards set by the International Biochar Initiative (IBI 2015) and EU guidelines
(EBC 2012). 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.

3.2. Adsorption studies
3.2.1. Effect of GSANC dosage

The effect of GSANC dosage on the removal of MB dye was investigated by varying the adsorbent amount
to 0.02-0.10 g, while maintaining all other parameters constant, as shown in Figure 11. The efficiency of MB
dye removal increased significantly by 24.2-99.9% as the adsorbent dosage was increased by 0.02-0.08 g.

It was clear that increasing the adsorbent dose to more than 0.08 g cannot show any significant dye removal.
Since the maximum removal of MB dye ions of 99.9% was achieved with a 0.08 g dosage, this amount of
GSANC was selected for future applications.
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Fig. 11. Effect of adsorbent dosage on MB removal %
3.2.2. Influence of pH

The pH of a solution significantly affects the adsorption process by modifying the adsorbent's surface
charge and the adsorbate molecules' ionization degree. To investigate the effect of pH on the removal of MB
dye ions, experiments were carried out across a pH range of 2-12 using an optimized dosage of GSANC, while
keeping other parameters constant (30 mg L' concentration, 0.08 g adsorbent dosage, 360 minutes contact
time). Understanding MB dye uptake at various pH levels requires identifying the point where the adsorbent's
surface has a neutral net charge, known as the point of zero charge (pHy,c). The pKa value of MB dye, which
is 3.8 (Eldeeb et al. 2024), indicates that MB dye molecules exist in cationic form in the solution. The pH,. of
GSANC is slightly basic at 7.2. The highest adsorption capacity of 45.35 mg g"' was observed at pH 8 (Figure
12), a basic condition where the GSANC surface acquires a negative charge, thereby attracting MB molecules
through electrostatic attraction. At the lowest pH values of the adsorbent, repulsive electrostatic attraction
forces between MB dye ions and positively charged functional groups of GSANC adsorbent (Tsade Kara et al.
2021). At the alkaline pH of the solution, the adsorbent becomes negatively charged, which leads to the effec-
tive removal of cationic MB dye ions. Consequently, pH 8 is adopted as the optimized pH solution for further
experiments.

50 -

30

qt(mg g™

10 4

Fig. 12. Effect of pH on adsorption capacity
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3.2.3. Effect of the initial concentration and contact time

The effects of contact time and initial concentrations of MB dye (ranging 10-50 mg L") on the adsorption
capacity of GSANC were evaluated using optimized parameters. The adsorption capacities of GSANC at a spe-
cific time, denoted as q (mg g'), were plotted against time (minutes) for various MB dye concentrations,
as illustrated in Figure 13. The adsorption capacity of GSANC was observed to increase 12.48-45.35 mg g’'
as the concentration of MB dye rose 10-50 mg L™'. In the early stages of the process, there was a swift increase
in adsorption capacity at all concentrations, likely due to the abundance of available adsorption sites on the
GSANC for MB dye uptake. As the process progressed, the adsorption rate gradually declined and eventually
stabilized, signalling that equilibrium between the adsorbent and the adsorbate was being reached. Equilibrium
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 facilitates the diffusion of dye into the internal
pores and surface of the adsorbent.

50 4

45 *~—
| 2
40 - of
1 v
A A A A
35 - P -
~ 30 b 4 . A
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2 254 el o o o o o
& i o~ A o °
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Fig. 13. Effect of the contact time on MB dye adsorption at different initial concentrations

3.2.4. Adsorption kinetics and modelling

Understanding the kinetics and identifying the rate-determining step is essential to design an effective ad-
sorption system. In this study, three kinetic models, pseudo-first order (PFO) (Lagergren 1898), pseudo-second
order (PSO) (Ho & McKay 1999), and Elovich (Senthilkumaar et al. 2005), were applied to the experimental
data to elucidate the adsorption mechanism of methylene blue (MB) dye on GSANC. Linear forms of these
models were used to minimize statistical bias. The best fitted model was selected based on the highest coefficient
of determination (R?) from the respective equations for PFO (eq. 11), PSO (eq. 12), and Elovich (egs. 13a
and 13b).

k

log (qe-qr) = logqe - 5555 t (11)
t 1 t

a1 keqe? | g (12)
S e - o, (132)
(or)

1 1
4c = Go +5In(@) +5In(® (13b)

where:

ki (min™") — Lagergren's PFO kinetic parameter,

qi:(mg g") — Amount of dye adsorbed at time t,

qe (mg g™") — Amount of dye adsorbed at equilibrium,

ka2 (g mg™! min™") — PSO kinetic parameter,

o (mg g min™") — Initial adsorption rate,

B (g mg") — Extent of surface coverage and the activation energy for chemisorption.
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Using an initial concentration (C,) of 30 mg L™, Figures 14, 15 and 16 illustrate the PFO, PSO, and Elovich
model plots, while Table 4. presents the extracted parameters and their R? values. The analysis shows that MB
adsorption by GSANC follows the PSO model, as indicated by higher R? values.

Table 4. PFO, PSO and Elovich kinetic parameters for MB dye adsorption by GSANC

PFO PSO Elovich
Co o cal k - cal k
mgl) | (mee") |meg miny| X | (meeh) | meg'minty | K| ¢ | B[ K

10 4.45 0.004 0.43 13.47 0.003 099 | 1.86]0.42 | 0.95
20 5.23 0.005 0.56 30.21 0.0004 094 |2.02]0.211|0.87
30 6.01 0.006 0.53 47.39 0.0001 0901|246 | 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 094 | 3.65| -2.1 | 0.87

log(qe-a)
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0.5

0.0
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Fig. 14. PFO model for MB dye adsorption by GSANC
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Fig. 16. Elovich model for MB dye adsorption by GSANC
3.2.5. Isotherm modelling

The adsorption capacities of GSANC were evaluated at initial concentrations of 30, 40, and 50 mg L.
The interaction between MB dye and GSANC was analyzed using Langmuir (Langmuir 1916), Freundlich
(Bulut & Aydin 2006), and Temkin isotherm (Temkin & Pyzhev 1940) models. The Langmuir model (eq. 14a)
describes monolayer adsorption on fixed sites, with the Langmuir constant Ry, given in eq. 14b. The Freundlich
model (eq. 15) describes multilayer adsorption on heterogeneous surfaces. The Temkin model (eq. 16) accounts
for decreased adsorption heat with increased coverage, reflecting adsorbent-adsorbate interactions.

C. 1 C.

q_e: KLXm+ g (143)
1

Re= 1+KL Co (14b)

log q. = log Ky + ilog Ce (15)

qe= o InKpt+ —InC, (16)

where:

e (mg g') — Amount of dye adsorbed at equilibrium,
C. (mg L") — Equilibrium dye concentration,
X (mg g™') — Maximum adsorption capacity,
K1 — Langmuir constant,

C, — Initial concentration,

Kr and n — Freundlich constants,

B (J mol™") — Temkin constant,

kr (L g') — Temkin isotherm energy constant,
br (J mol™") — Heat of adsorption,

R — Gas constant (8.314 J mol! K).

Based on R? values from the isotherm models in Table 5, the adsorption of MB onto the GSANC surface
was analyzed. Figures 17, 18, and 19 illustrate the Langmuir, Freundlich, and Temkin isotherms for MB dye
adsorption by GSANC, with a constant adsorbent dosage of 0.08 g, solution pH of 8, temperature set at 30°C
(303 K), an agitation speed of 150 strokes, and a 100 mL volume of MB solution.

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

Adsorptlon Langmuir Freundlich Temkin
isotherm
Qmax 2 I<F 2 I<T bT 2
Parameter | (mggn | K0 | K fmggy@meghn | " | N | @wmg) | @mory | B
Value 212.76 0.21 0.99 1.22 0.63 0.82 0.69 199 0.99
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Fig. 18. Freundlich adsorption isotherm of MB dye adsorption by GSANC
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Fig. 19. Temkin adsorption isotherm of MB dye adsorption by GSANC

The adsorption of MB on the GSANC surface followed the Langmuir adsorption isotherm, indicating that
the MB uptake occurred as a monolayer on homogenous, fixed adsorption sites. The qumax value of 212.76 mg g’!
at 30°C demonstrates the adsorption capacity of MB dye ions on GSANC at elevated temperatures. Previously
reported ACs properties and gmax values are listed in Table 6.
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Table 6. qmax of MB values of the different ACs and their properties

S.No. Precursor/Biomass Actlvatlng agent / Qmax Reference
Chemical
1. Groundnut shell KOH 212.76 This study
2. Sugarcane bagasse waste KOH 136.50 (}‘;zv};’fféﬁ})ggl;?a%e;g’
. (Jawad, Abdulhameed, Wilson,
3. Dragon fruit peels KOH 195.20 et al. 2021)
4. Bamboo chip KOH 305.30 (Jawad & Abdulhameed 2020)
5. Sorghum-Waste KOH 98.10 (Hou et al. 2020)
6. Cotton cake H;PO4 333.33 (Ibrahim et al. 2014)
7. Date pits FeCls 259.25 (Theydan & Ahmed 2012)
8. Groundnut shell K,COs3 210 (Liu et al. 2012)

3.2.1. Adsorption thermodynamics

To determine the thermodynamic functions such as Gibb's free energy (AG®) eq. (17, 17a), enthalpy (AH®)
eq. (19), and entropy (AS®) eq. (20), for adsorption of MB dye ions by GSANC:

AG°=—RTInK a7

_ Qe
Whereas K = IR (17a)
Vant Hoff's equation: InKy = % — ARHT (18)

By Vant Hoff's plot (Weber 1995) eq. (18) of InK versus % thermodynamic parameters are determined in,
Figure 20. determination of AH® and AS® Table 7. from the slope and intercept has been done, respectively.

Slope =- =+ AH® =~ (Slope x R) (19)
Intercept = As ~ AS°® = Intercept x R (20)

where:

K4 — Distribution coefficient,
AG® — Gibbs energy,

AHP° — Enthalpy,

AS° — Entropy.

2.2

2.0

T T T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330
1T

Fig. 20. Vant Hoff's plot (GSANC adsorption of MB dye)
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Table 7. Thermodynamic parameters for the adsorption of MB dye on GSANC

Temp (°C) | Temp (K) | Ka | AG® (KImol") | AH® (KJ mol") | AS° (KJ mol')
30 303 |3.30 298
40 313 | 4.53 -3.93
50 323 | 5.98 4.87 25.58 0.094
60 333 8.33 -5.81

The thermodynamic parameters show that the distribution coefficient (Kq) increases with temperature, in-
dicating improved adsorption capacity of GSANC for Methylene Blue (MB) dye. Negative AG® values signify
that the adsorption process is spontaneous, whereas positive AH® values indicate that the process is endother-
mic. Positive AS® values suggest that MB dye displaces water molecules on GSANC. The increasing K4 values
with increasing temperature further highlight the endothermic nature of adsorption process, showing that
higher temperatures improve the adsorption of MB dye ions by GSANC.

3.3. 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. As shown
in Figure 21, MB ion removal is governed by n-n stacking, electrostatic interactions, and hydrogen bonding.
The negatively charged GSANC enhances removal through hydrogen bonding and electrostatic interactions
with the cationic dye. Additionally, ©-7 stacking occurs in between the aromatic rings of the MB dye and the
hexagonal structure of GSANC, which contains electron-donating groups like -OH (Guo et al. 2023).

N
. @\
~ X, >
N s* N
-
Pyl
PPt T
S
. '
. !

Electrostatic interactions __..

- stacking

Fig. 21. Schematic illustration of MB dye molecules' interaction with GSANC by electrostatic interactions,
n — w stacking and H — bonding interactions

4. Conclusion

In this study, activated carbon derived from groundnut shells was effectively utilized to remove MB dye
ions from solutions. This activated carbon underwent various analyses, including FE-SEM with EDS, BET,
XRD, FT-IR, TGA, and particle size analysis. The suitable conditions for MB dye adsorption onto the GSANC
surface were identified as a dye solution with a pH of 8, an adsorbent dosage of 0.08 g L', and a temperature
of 303 K. Under these conditions, a maximum Langmuir adsorption capacity (qmax) of 212.76 mg g was
achieved. The adsorption mechanisms involved n-n stacking, hydrogen bonding, and electrostatic interactions.
These findings demonstrate that groundnut shell-derived activated carbon is a cost-effective and feasible op-
tion for dye adsorption. Additionally, this GSANC is also suitable for the adsorption of pharmaceutical com-
pounds, heavy metals, pesticides, and phenolic compounds.
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