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Abstract: In this study, the adsorption behavior of the cationic organic dye Toluidine Blue (TB) from aqueous solution was
explored using a nanoadsorbent derived from the dead bark of Azadirachta indica (neem). The synthesized activated carbon was
characterized using FTIR, zeta potential analysis, UV-Vis spectroscopy, FESEM, BET, and TEM techniques. The N: adsorption—
desorption analysis revealed a type 1V isotherm with an H3 hysteresis loop, indicating the formation of mesoporous structures with
pore diameters ranging from 2-50 nm. Batch adsorption experiments were conducted to evaluate equilibrium isotherms,
investigating the influence of key parameters such as contact time, pH, temperature, initial dye concentration, and adsorbent dosage.
Under optimized conditions, 20 mg/L initial dye concentration, pH 12, and 20 mg adsorbent dose, a maximum removal efficiency
of 98.76% was achieved within 70 minutes. However, at higher initial dye concentrations (60 mg/L), the removal efficiency
decreased to 82.28% under similar conditions.

The adsorption data aligned well with the Langmuir isotherm model, as evidenced by a high correlation coefficient (R2 = 0.999),
and the maximum adsorption capacity was estimated to be 106.92 mg/g at 303 K. Kinetic analysis confirmed that the adsorption
followed a pseudo-second-order model, and although intra-particle diffusion contributed to the process, it was not the sole rate-
limiting step. Thermodynamic parameters indicated the spontaneous and endothermic nature of the adsorption, with negative AG®,
positive AH®, and positive AS®, suggesting increased randomness at the solid—liquid interface during dye uptake.

Keywords: Azadirachta indica, Toluidine Blue, Adsorption, Zeta Potential, Isotherm, Kinetics, Thermodynamics.

l. INTRODUCTION

The rapid growth in dye production and its widespread application across multiple industries such as textiles, food processing,
pharmaceuticals, dyeing, paper, and leather has significantly contributed to environmental pollution in recent decades [1-3]. Among
various pollutants, synthetic dyes are particularly concerning due to their complex molecular structures, resistance to degradation,
and toxic nature. When discharged into water bodies without proper treatment, dye-laden effluents impart intense coloration to water,
which disrupts the aquatic ecosystem by inhibiting sunlight penetration [4-8]. This, in turn, hampers photosynthetic activity and leads
to reduced oxygen levels, affecting aquatic flora and fauna. Beyond environmental concerns, many dyes are known to exhibit
toxicological effects on human health. Exposure to these dyes, whether through contaminated water or occupational contact, has been
associated with allergic dermatitis, skin irritation, mutagenic changes, and even carcinogenic outcomes [9-10]. Given these profound
implications, it becomes imperative to treat dye-contaminated wastewater before its discharge into the natural environment. Effective
removal of dyes not only mitigates health and ecological risks but also ensures compliance with environmental safety regulations. To
address the issue of dye contamination in water, several treatment methods have been explored, such as adsorption, diffusion,
membrane filtration (including ultrafiltration), coagulation, chemical and electrochemical oxidation, reverse osmosis, and biological
approaches involving aerobic and anaerobic microbial degradation [11-14]. Adsorption is a highly effective technique for dye
removal due to its simplicity, cost-efficiency, and ability to remove a wide range of dyes even at low concentrations. It offers high
removal efficiency, minimal sludge generation, and suitability for regeneration and reuse of adsorbents, making it an eco-friendly
solution for wastewater treatment [15-17]. Agricultural and plant residues such as rice husk, sawdust, banana peel, coconut shell,
neem bark, and sugarcane bagasse have been widely utilized as low-cost, eco-friendly adsorbents for dye removal. These
lignocellulosic materials possess abundant functional groups and porous structures, enhancing their adsorption capacity for various
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synthetic dyes [18-22]. Toluidine Blue (TB) is a phenothiazine-based dye that has found extensive applications across multiple fields,
including medical sciences, the textile industry, and biotechnology [23-24]. It serves numerous functions, such as acting as a mediator
in chemical and biochemical reactions, a colorant for fabrics, a photosensitizer in studies involving photoactivated microorganisms,
and a labeling agent for microbial identification [25-27].

This study aims to explore an efficient and cost-effective method for the removal of Toluidine Blue, a water-soluble dye, from
aqueous solutions through adsorption using a nanoadsorbent prepared from the dead bark of Azadirachta indica (neem). The research
focuses on evaluating the effects of key parameters such as initial dye concentration, solution pH, contact time, and temperature on
the adsorption performance. Additionally, the adsorption kinetics, isotherm, thermodynamics, and underlying mechanism of
Toluidine Blue dye removal have been thoroughly investigated.

Il. MATERIALS AND METHODS
A. Chemical Used

The present study employed the following chemicals: phosphoric acid (HsPOs), hydrochloric acid (HCI), sodium hydroxide (NaOH),
distilled water, methylene blue dye, and naturally dried dead bark of Azadirachta indica (neem). All chemicals were of analytical
grade and were used without further purification. A stock solution of Toluidine Blue (TB) was prepared by dissolving 1.0 g of dye
per liter in double-distilled water.

Toluidine Blue was selected as a representative cationic organic dye for evaluating the adsorption performance of the prepared
nanoadsorbent. TB is a synthetic, heterocyclic, water-soluble basic dye with the molecular formula CisHisNsS* and a molecular
weight of 270.374 g-mol™'. It exhibits high stability in aqueous media under ambient conditions. However, due to its toxic,
carcinogenic, and non-biodegradable nature, Toluidine Blue is considered a hazardous pollutant and poses significant risks to aquatic
ecosystems and human health [28-30]. The chemical structure of Toluidine Blue is presented in Figure 1.

M
QSO
h\"_\' \\5' NH,

Ccr

s NH

Figure 1: Toluidine blue (TB) dye structure

B. Fabrication of Nanostructured Adsorbent
i. Pyrolytic Conversion of Dead Azadirachta indica Bark

The naturally desiccated and senescent bark of the Azadirachta indica (neem) plant was systematically collected from the university
campus. Initially, the bark was manually segmented into smaller fragments and subjected to repetitive washing with tap water to
remove adhering particulates and surface impurities. This was followed by thorough rinsing with distilled water to eliminate any
residual contaminants. The cleaned bark samples were subsequently oven-dried at 80°C for 24 hours to ensure complete moisture
removal and material stabilization. Post-drying, the biomass was transferred to a ceramic crucible, covered with aluminium foil to
maintain a low-oxygen environment, and thermally treated at 400°C for 2 hours in a muffle furnace to induce carbonization. Upon
gradual cooling to ambient temperature, the resulting carbonized black residue was finely pulverized using a mortar and pestle to
obtain a uniform activated carbon nanoadsorbent, suitable for adsorption studies.

ii. Impregnation and Activation with Phosphoric Acid

A chemical activation procedure was employed to enhance the adsorptive properties of the neem bark-derived charcoal. In the
standard method, 1 g of pre-carbonized neem charcoal was impregnated with 5 mL of concentrated phosphoric acid (HsPOs), and the
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mixture was allowed to stand overnight to facilitate thorough penetration and surface modification. Subsequently, the impregnated
material was oven-dried at 90 °C for 5 hours to remove excess acid and moisture. The partially dried mass was then subjected to
secondary thermal treatment in a muffle furnace at 500 °C for 2 hours, promoting further activation and structural development of
the carbon matrix. Following carbonization, the activated product was allowed to cool to room temperature and was repeatedly
washed with distilled water to remove residual acid content. A final wash with ethyl alcohol was performed to enhance surface purity.
The sample was then oven-dried at 85 °C for 3 hours to yield the final nanoadsorbent of activated carbon from neem bark. The
resulting nanoadsorbent was subsequently utilized for the removal of dye from aqueous solutions under varying pH conditions.

C. Characterization Techniques and Instrumentation

To comprehensively evaluate the surface morphology, textural properties, microstructure, chemical composition, crystallinity,
bonding characteristics, and functional groups of the synthesized nanoadsorbent, a series of advanced analytical techniques was
employed. The identification of surface functional groups and chemical bonds was performed using Fourier Transform Infrared
(FTIR) Spectroscopy in transmission mode within the range of 4000—400 cm!, utilizing a Perkin Elmer FTIR spectrometer. The
microstructural and surface morphological features of the developed adsorbent were examined through Field Emission Scanning
Electron Microscopy (FESEM) using a Nova Nano FESEM-450 (FEI), and Transmission Electron Microscopy (TEM) was conducted
using an FEI CM12 instrument for deeper insight into the nanostructure. The textural characteristics, including specific surface area,
pore volume, and pore size distribution, were analyzed using the Brunauer-Emmett-Teller (BET) method with a NOVAtouch 2LX
surface area and porosity analyzer. Quantification of the residual concentration of TB dye in aqueous solutions after adsorption was
carried out using a UV-Visible spectrophotometer (Shimadzu UV-2600) by measuring the absorbance at A = 627 nm.

D. Dye Adsorption Experiments under Batch Conditions

To assess the dye removal efficiency of the synthesized nanoadsorbent, batch adsorption experiments were conducted using aqueous
solutions of TB dye. The effects of several operational parameters, including adsorbent dosage, solution pH, temperature, initial dye
concentration, and contact time, were systematically examined. Working solutions of varying concentrations were prepared by
diluting the stock TB dye solution. In each experiment, 50 mL of TB dye solution was placed in a 250 mL Erlenmeyer flask and
agitated on a thermostatic orbital shaker under optimized conditions at room temperature. The experimental ranges were as follows:
initial dye concentration varied from 20 to 70 mg/L, adsorbent dosage from 20 to 40 mg, contact time from 10 to 80 minutes, and
solution pH ranged from 4 to 12. The pH of the dye solution was adjusted using 0.1 M NaOH or 0.1 M HCI.

At predetermined time intervals, the remaining concentration of TB dye in the solution was determined by measuring the absorbance
at 627 nm using a UV—Visible spectrophotometer. The data obtained were used to calculate the equilibrium adsorption capacity (qe),
the instantaneous adsorption capacity (q:), and the percentage removal efficiency of TB dye.

g = () xy )

o

c, — C,
% Removal = (T) x 100 (2)

Where V represents the volume of the dye solution in liters (L), m denotes the mass of the adsorbent in grams (g). Co, Ct, and Ce (all
in mg/L) correspond to the initial dye concentration, the concentration at time t, and the equilibrium concentration of TB dye,
respectively [31-33].

I11. RESULTS AND DISCUSSIONS

A Structural Analysis of the Synthesized Nanoadsorbent

The prepared AC-MO nanoadsorbent has been characterized using the following methods
i.  FTIR Spectral Interpretation

The FTIR spectrum of the synthesized activated carbon-based nanoadsorbent reveals several distinct absorption bands, indicating
the presence of various functional groups on its surface. A broad band observed in the region of 34003600 cm™* corresponds to O—
H stretching vibrations, suggesting the presence of hydroxyl groups from adsorbed moisture or surface-bound alcohols and phenols.
Peaks in the range of 2920-2850 cm™ are attributed to C—H stretching vibrations of aliphatic -CH- and —CHs groups, likely arising
from residual organic matter. A strong peak around 1700-1600 cm™ is associated with C=0 stretching vibrations, indicating
carbonyl-containing groups such as carboxylic acids, ketones, or aldehydes. The band appearing near 1400-1450 cm™ corresponds
to C—H bending or C-C skeletal vibrations, suggesting the presence of aromatic ring structures. A sharp absorption peak in the range
of 1100-1000 cm™ is linked to C—O stretching vibrations, indicative of alcohals, ethers, or esters. Additionally, the region below 900
cm™! exhibits bands related to out-of-plane bending vibrations of aromatic C—H bonds, further supporting the existence of aromatic
functionalities in the carbon matrix. Collectively, these spectral features confirm the presence of oxygen-containing functional groups
(-OH, -COOH, —-C=0, —C-0) on the surface of the nanoadsorbent, which enhance its surface polarity and facilitate effective
adsorption of cationic dyes such as Toluidine Blue through mechanisms involving electrostatic interactions and hydrogen bonding.
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Figure 2: FTIR analysis of prepared nanoadsorbent of Azadirachta indica

ii.  Surface Morphology Study Using FESEM

The synthesized nanoadsorbent was subjected to morphological characterization using Scanning Electron Microscopy (SEM), as
shown in Figure 3 (a—f) at different magnifications. The SEM images reveal a rough, blistered surface with a porous, sheet-like
architecture. This morphology consists of numerous open pores and interconnected hollow chambers, indicating a well-developed
porous network. Such structural features enhance the surface area and adsorption capability of the neem-based activated carbon,
making it a promising candidate for the effective removal of contaminants from aqueous solutions.

—

Figure 3: Surface morphology of neem-based nanoadsorbent observed through FESEM analysis.
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iii.  Nanostructural Analysis by HRTEM

Transmission Electron Microscopy (TEM) analysis, presented in Figure 4 (a—f), illustrates the topological features of the neem bark-

derived activated carbon. The images reveal an uneven and porous texture, characteristic of effective adsorbent materials.

Furthermore, the Selected Area Electron Diffraction (SAED) pattern in Figure 4(f) displays a diffused bright ring, indicating the

amorphous or poorly crystalline nature of the material [34]. This combination of high porosity and surface roughness contributes to

an enhanced surface area, thereby facilitating the efficient adsorption of dye molecules.

100 nm

Figure 4: Nanostructural analysis of neem bark-derived activated carbon using HRTEM.
iv. Surface Charge Characterization via Zeta Potential

The zeta potential analysis of the synthesized nanoadsorbent (Figure 5) reveals a negative surface charge with a peak value around
—26.5 mV. This moderately negative zeta potential suggests that the particles possess sufficient electrostatic repulsion to remain
dispersed, thus maintaining colloidal stability in aqueous media. A negative surface charge also enhances the adsorptive interaction
with cationic dye molecules, contributing to efficient dye removal from aqueous media.
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Figure 5: Zeta potential distribution of neem bark-derived nanoadsorbent
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v. Surface Area and Pore Structure Analysis (BET)

The neem bark-based activated carbon nanoadsorbent was characterized using BET analysis to determine its surface area, total pore
volume, and pore size distribution (PSD). As illustrated in Figure 6(a), the N adsorption—desorption isotherm follows a Type 1V
pattern with an H3 hysteresis loop, in line with [JUPAC guidelines, signifying the mesoporous character of the material [35]. The
noticeable increase in nitrogen uptake at elevated relative pressure (P/Po) reflects the presence of well-developed mesopores. Figure
6(b) presents the multipoint BET plot of the sample, confirming the porous structure. The BJH analysis in Fig. 6(c) reveals that
most pores fall within the 3-20 nm range, with a dominant pore size around 3 nm. Additionally, the DFT-based PSD analysis (Fig.
6(d)) indicates an average pore diameter of nearly 3 nm, supporting the mesoporous architecture of the synthesized carbon adsorbent
[36]. The presence of such fine mesopores enhances the surface area and facilitates efficient adsorption of dye molecules.
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Figure 6: (a) Nitrogen adsorption—desorption isotherm, (b) BET surface area analysis, and (c, d) BJH pore size
distribution curves of activated carbon derived from Azadirachta indica (neem) bark.
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B. Experimental Variables in Adsorption Studies
i. Time-Dependent Adsorption Behavior

The effectiveness of the synthesized nanoadsorbent in removing TB dye was assessed by varying the contact time from 10 to 80
minutes, as illustrated in Figure 7. Initially, the adsorption rate increased sharply with time and reached equilibrium at around 70
minutes. Beyond this point, the adsorption and desorption rates stabilized, indicating that equilibrium had been established.
Therefore, 70 minutes was identified as the optimal contact time for maximum dye removal. The rapid uptake at the beginning is
attributed to the high concentration of dye and the abundance of active sites available on the adsorbent surface. As the contact time
increases, these sites become progressively occupied, resulting in a gradual decline in adsorption rate. Once equilibrium is reached,
no significant improvement in dye removal was observed, even with extended contact time up to 80 minutes, due to the saturation
of adsorption sites on the nanoadsorbent surface [37].
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Figure 7: Effect of varying contact time on the adsorption efficiency of TB dye using neem bark-derived activated
carbon nanoadsorbent.

ii. Effect of pH on Dye Removal Performance

To evaluate the influence of pH on the adsorption efficiency of Toluidine Blue (TB) dye, the solution pH was varied from 4
to 12, as shown in Fig. 8(a). The experimental results demonstrate a significant enhancement in dye removal efficiency with
increasing pH. The adsorption performance of the synthesized nanoadsorbent improved from 72.12% at lower pH to a
maximum of 98.33% at higher pH, indicating that alkaline conditions favor the adsorption of the cationic dye onto the
adsorbent surface.

iii. Impact of Initial Dye Concentration on Adsorption Capacity

The influence of initial TB dye concentration on its adsorption by neem bark-derived activated carbon nanoadsorbent was
assessed by varying the concentration from 20 to 70 mg/L, using an optimized adsorbent dose of 20 mg and pH 12, as shown
in Fig. 8(b). A decrease in removal efficiency from 98.63 % to 63.89 % was observed with increasing dye concentration, while
the adsorption capacity (qt) increased from 16.43 to 63.89 mg/g within 80 minutes of contact time [Fig. 8(b)]. Consequently,
20 mg/L was selected as the working concentration for isotherm and thermodynamic evaluations. The higher removal
efficiency at lower concentrations can be attributed to the greater availability of vacant adsorption sites. In contrast, at elevated
concentrations, the saturation of active sites by excess dye molecules leads to a decline in removal percentage [38]. Thus, at

higher initial concentrations, the adsorptive efficiency of the neem bark-based carbon decreases due to site occupancy
limitations.

iv. Impact of Adsorbent Amount on Adsorption Capacity

Fig. 8 (c) illustrates the influence of varying adsorbent dosages on the removal efficiency of TB dye. As the dosage was
increased from 20 mg to 40 mg, the dye removal efficiency improved markedly from 81.18 % to 98.60%. However, beyond
40 mg, the adsorption capacity plateaued, suggesting no significant enhancement in performance. Consequently, a dosage of
20 mg was selected for further investigations. The observed improvement in dye removal with increased adsorbent mass is
likely due to the greater number of active sites and expanded surface area available for adsorption under fixed dye
concentration and solution volume conditions [39].

v. Influence of Temperature on Adsorption Process

An increase in the temperature of the TB dye solution up to 45 °C led to a slight enhancement in the adsorption efficiency of
neem bark-derived activated carbon nanoadsorbent, improving from 98.19% to 98.97%, as presented in Figure 8(d).
Correspondingly, the equilibrium adsorption capacity rose from 49.09 mg g™ to 49.48 mg g'. This improvement may be
attributed to reduced solution viscosity at elevated temperatures, which facilitates faster dye diffusion. Additionally, the
increased intra-particle diffusion of dye molecules at higher temperatures further contributes to enhanced adsorption. These
observations support the endothermic nature of the adsorption process, as the uptake improves with temperature rise [40].
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Figure 8: Influence of (a) solution pH, (b) dye concentration, (c) adsorbent dose, and (d) temperature on the
adsorption performance of nanoadsorbent derived from neem bark.

C. Kinetics study of adsorption

The adsorption behavior of TB dye on the synthesized nanoadsorbent of activated carbon of neem bark was analyzed through kinetic
modeling to understand the underlying mechanism and rate-controlling steps better. Commonly used models, pseudo-first-order
(PFO), pseudo-second-order (PSO), Elovich, and intra-particle diffusion (IPD), were applied to fit the experimental data across
various initial concentrations (20—70 mg/L), as summarized in Table 1. At the same time, their corresponding kinetic plots are
presented in Figure 9. Among the applied models, the PSO model exhibited the best correlation, as evidenced by higher R2 values
and the close alignment between experimental (ge,exp) and calculated (ge,cal) adsorption capacities. This suggests that the
adsorption of TB onto the nanoadsorbent’s surface predominantly follows a chemisorption mechanism, involving electron exchange
or sharing between dye molecules and functional groups on the adsorbent. In contrast, the PFO model yielded lower R2 values and
showed greater deviation between predicted and observed ge values, indicating a weaker fit.

Additionally, a decreasing trend in the PSO rate constant (K2) with increasing dye concentration was noted, implying reduced
adsorption rate due to the progressive occupation of active sites. The Elovich model also fitted the data reasonably well, highlighting
the heterogeneous nature of the adsorbent surface and suggesting a multi-stage adsorption process, initial film diffusion, internal
particle diffusion, and pore diffusion. The larger o values in comparison to B further indicate that the adsorption process is more
favorable than desorption. The IPD model, proposed by Weber and Morris, was used to explore whether intra-particle diffusion
controls the rate of adsorption. The qt vs. t°- plots showed non-zero intercepts and lower R2 values, indicating that IPD is not the
sole rate-limiting mechanism. These findings suggest the presence of multiple diffusion steps, with external and surface interactions
playing dominant roles.

In conclusion, the PSO kinetic model best describes the adsorption of TB dye onto the nanoadsorbent of neem bark, supporting the
chemisorptive nature of the interaction. While the Elovich model supports surface heterogeneity and diffusion-based mechanisms,
the IPD model results confirm that intra-particle diffusion alone does not govern the entire adsorption process [41].
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Figure 9: Kinetic models for TB dye adsorption onto activated carbon derived from neem bark nanoadsrbent: (a) Pseudo-
first-order, (b) Pseudo-second-order, (c) Elovich model, and (d) Intraparticle diffusion plots.

Table 1: Adsorption Kinetic parameters of TB dye onto nanoadsorbent derived by neem bark

Kinetics Dye Concentration
Models Parameters 20mg 30 mg 40 mg 50 mg 60 mg
First order e, EXP 49.382 69.821 89.631 106.524 123.43
K1 0.027 0.034 0.032 0.026 0.041
Qe, cal 17.725 30.126 48.143 41.051 67.589
R 0.978 0.916 0.97 0.949 0.928
Second order Qe, cal 53.05 76.046 101.317 116.144 136.426
Kz 0.0025 0.00164 0.0008 0.0009 0.0008
R 0.996 0.995 0.993 0.994 0.996
Elovich B 0.162 0.111 0.064 0.072 0.055
a 195.612 230.556 54.282 297.469 197.707
R 0.952 0.934 0.951 0.921 0.939
Intraparticle Kid 2.258 3.322 5.712 5.185 6.61
C 29.153 40.437 39.332 59.903 65.918
R 0.984 0.973 0.982 0.967 0.974

D. Adsorption Isotherm Studies

Isotherm modelling plays a crucial role in understanding the equilibrium distribution of adsorbate molecules between the liquid and
solid phases. In this study, the equilibrium data for TB dye adsorption onto activated carbon of neem bark nanosorbent were
evaluated using four commonly adopted isotherm models: Langmuir, Freundlich, Temkin, and Dubinin—Radushkevich (D-R).
These models were employed to explore the adsorption mechanism and determine the best-fitting model that characterizes the dye—
adsorbent interaction. Among the models tested, the Langmuir isotherm showed the strongest correlation with the experimental
data, with a high Rz value of 0.999. This model assumes monolayer adsorption on a homogeneous surface with uniform energy sites
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and no adsorbate-adsorbate interactions. The maximum adsorption capacity (qmax) was found to be 75.76 mg/g, and the separation
factor (R.) was 0.061, indicating favorable adsorption conditions (0 < Ry < 1) [42]. The Freundlich model, which accounts for
heterogeneous surface energies and multilayer adsorption, also demonstrated a good fit (R2 = 0.9). The Freundlich constant n was
calculated as 5.708 (1/n = 0.174), which falls within the favorable range (0 < 1/n < 1), indicating efficient adsorption and slight
heterogeneity on the adsorbent surface [43]. The Temkin model, which considers adsorbent—adsorbate interactions and a linear
decline in heat of adsorption, provided a moderate correlation (R2 = 0.978). While it also matches the experimental data as well as
the Langmuir or Freundlich models, it offers insight into the energetics of the adsorption process [44]. The D—R isotherm, used to
differentiate between physical and chemical adsorption mechanisms, produced the lowest R2 value (0.896), indicating poor
conformity. The calculated mean adsorption energy (E) was 3.1x10° kJ/mol, an unusually high value inconsistent with typical
physisorption, suggesting that this model does not accurately describe the current adsorption system [45]. In conclusion, the
Langmuir model best represents the adsorption behavior of TB on the neem bark activated carbon nanoadsorbent, confirming
monolayer adsorption on a uniform surface. The Freundlich model further supports the presence of surface heterogeneity, while the
Temkin and D-R models, though less accurate, provide additional understanding of interaction energies and adsorption mechanisms.
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Figure 10: Isotherm model plots for the adsorption of TB dye onto Azadirachta indica (neem) bark-derived
nanoadsorbent: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin—Radushkevich (D-R) models.

Table 2: Isotherm Model Analysis for the Adsorption of TB Dye onto Azadirachta indica (neem) bark-derived

nanoadsorbent.

Isotherms Paramerers Values of isotherm parameters

Langmuir (max 75.76
br 1.53
RL 0.061
R? 0.999

Freundlich Kt 45.27
n 5.708
R? 0.945

Tempkin bT 247.95
Kr 172.72
Br 9.16
R? 0.978

D-R Kid 5.16 x 108

E 3.1x108
R? 0.896
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E. Thermodynamic Analysis of the Adsorption Process

Understanding the thermodynamic behavior of adsorption is essential for assessing the viability and efficiency of dye removal from
aqueous systems using nanoadsorbents. Thermodynamic parameters such as Gibbs free energy (AG®), enthalpy change (AH®), and
entropy change (AS®) are commonly used to interpret the spontaneity and nature of the adsorption process. A negative AG® value
suggests that the adsorption occurs spontaneously [46]. A positive AS® indicates increased randomness at the solid—liquid interface,
implying greater disorder and more favorable adsorption interactions [47]. In contrast, a negative AS® signifies a reduction in
disorder, pointing to a more structured adsorption process [48].

Table 3: Thermodynamic parameters related to the adsorption of TB dye onto the activated carbon of neem bark

nanoadsorbent.
Temperature AG® AH° AS°
(K) (kJ mol?) (kJ mol?) (3 molt K
298.15 -11.16
308.15 -11.98 22.47 112.498
318.15 -13.42
| | | | | | | | |
5.1+ -
|
50 - -
40+ -
¥O
- 4.8+ -
-
4.7 = -
[
4.6+ -
45+ LI

0.00315 0.00320 0.00325 0.00330 0.00335
UT

Figure 11: Correlation between temperature and the equilibrium constant (Kc) for the adsorption of TB dye onto
Azadirachta indica (neem) derived nanoadsorbent.

F. Evaluation of the Regeneration Efficiency

The long-term applicability of an adsorbent for water purification largely depends on its stability and reusability [49]. The
recyclability of the synthesized neem bark-derived activated carbon nanoadsorbent was evaluated through four successive
adsorption—desorption cycles using TB dye. After each cycle, the spent adsorbent was recovered via centrifugation, thoroughly
rinsed with water and ethanol to remove residual dye, and then dried at 85 °C for four hours before reuse. As illustrated in Fig. 14,
the removal efficiency remained relatively consistent across cycles. Even after the fourth reuse, the adsorbent retained
approximately 90% of its initial TB removal capacity, demonstrating excellent stability and regeneration potential.
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Figure 12: Reusability performance of Azadirachta indica (neem) derived nanoadsorbent: Evaluation of Recycling
Efficiency Over Multiple Adsorption-Desorption Cycles

1VV. CONCLUSION

The findings of this study demonstrate that the nanoadsorbent synthesized from Azadirachta indica (neem) bark is highly effective
in removing TB dye from aqueous solutions. A key feature of this adsorbent is the presence of surface functional groups such as
hydroxyl (-OH) and carbonyl (-C=0), which facilitate binding with the dye molecules during the adsorption process. Several
parameters, including contact time, adsorbent dosage, and initial dye concentration, influenced adsorption efficiency. The
nanoadsorbent exhibited a high BET surface area and significant pore volume, with pore formation confirmed through FESEM
analysis. HRTEM imaging revealed that the particle size of the nanoadsorbent ranged up to 200 nm. Optimal dye removal occurred
at pH 12, with a maximum removal efficiency of 98.33%. The Langmuir isotherm model provided the best fit for the equilibrium
data, suggesting monolayer adsorption on a homogeneous surface and indicating strong interaction between the dye and the adsorbent.
Additionally, the adsorption Kinetics followed the pseudo-second-order (PSO) model with an excellent correlation coefficient (R2 =
1), signifying chemisorption as the dominant mechanism. Thermodynamic analysis confirmed that the adsorption process was both
spontaneous and exothermic.

These results highlight the potential of using low-cost, naturally available biomass such as Azadirachta indica (neem) bark for
developing efficient nanoadsorbents to treat dye-contaminated industrial wastewater. Future work will focus on extending the
application of this nanoadsorbent to the removal of other dyes and pollutants.
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