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ABSTRACT

The removal of synthetic dyes from wastewater remains a major environmental challenge due to
their toxicity, petsistence, and resistance to traditional treatment methods. This study explores
the potential of alkaline-treated watermelon rind (WR), a low-cost, eco-friendly adsorbent, to
remove the azo dye Eriochrome Black T (EBT) from aqueous solution via experimental and Density
Functional Theory (DFT) studies. A series of batch adsorption experiments was performed, and
the optimal EBT removal (78%) was obtained at pH 2, an adsorbent dosage of 0.8 g, an initial
concentration of 30 mg/L, a contact time of 50 minutes, and a temperature of 50 °C. FTIR
spectra confirmed that functional groups, including N-H, C-H, C=0, and aromatic C—H in the
WR surface, played a key role in dye binding. The adsorption kinetics best matched the pseudo-
second-order model (R? = 0.99), indicating chemisorption and monolayer coverage.
Thermodynamic analysis (AG® = —6.25 k] mol™?, positive AH® and AS°) showed that the process
is feasible, spontaneous, and endothermic. The equilibrium data fitted best to the Freundlich
isotherm (R? = 0.998), suggesting a multilayer adsorption process on a heterogeneous surface.
Complementary DFT studies provided insight into the electronic properties and reactivity of the
EBT conformers, with EBT-5 having the lowest energy gap (AE = 1.43 eV), suggesting the
highest reactivity towards WR. Molecular electrostatic potential surface maps supported these
findings, highlighting potential active adsorption sites. Together, the experimental and
computational findings demonstrate that alkaline-modified WR is an efficient, sustainable
material for the removal of EBT dyes from wastewater and provide insight into the underlying
adsorption mechanisms.

INTRODUCTION

Water pollution continues to pose a significant global in analytical applications
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threat, especially in densely populated areas where
industrial activities are concentrated (IKishor et al.; 2020,
2021; Lellis et al.,, 2019). A primary contributor to this
issue is the discharge of untreated effluents from textile
manufacturing, which are heavily laden with synthetic dyes
(Kishor et al.,, 2020). These dyes are known for their
toxicity, resistance to degradation, and long-term
persistence in the environment, all of which endanger
both aquatic ecosystems and terrestrial life (Kishor et al.,
2020; Vlahovi¢ et al., 2024).

Dyes are complex synthetic chemicals commonly used to
color textiles, paper, leather, and plastics (Padhi, 2012).
Their aromatic frameworks and synthetic composition
render them  particularly resistant to  natural
biodegradation (Padhi, 2012). One such dye, Eriochrome
Black'T (EBT), an anionic compound frequently employed

titrations, has also been linked to environmental hazards,
including toxicity and potential mutagenicity (Yaseen &
Scholz, 2019). Once present in aquatic environments, dyes
such as EBT limit light penetration, disrupting
photosynthesis in aquatic plants and destabilizing
ecosystems (Yaseen & Scholz, 2019). These pollutants can
bioaccumulate through the food web, ultimately posing
carcinogenic risks to human health with prolonged
exposure or ingestion of contaminated water (Yascen &
Scholz, 2019).

To address dye pollution, a range of chemical and physical
treatment methods, such as coagulation, chlorination,
filtration, and membrane separation, have been applied.
However, many of these technologies are cost-prohibitive,
energy-demanding, or inadequate for large-scale
implementation (Thakur & Chauhan, 2018; Yaseen &
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Scholz, 2019). In contrast, adsorption has gained
prominence as an effective, low-cost method for dye
removal from wastewater (Said et al., 2021). This
technique stands out for its straightforward design, ease of
operation, and capability to produce high-quality treated
water (Yascen & Scholz, 2019). Additionally, adsorption is
versatile, working well across a broad range of organic
pollutants, making it particularly suited for industrial
wastewater applications (Yaseen & Scholz, 2019).

Recent efforts have increasingly focused on identifying
sustainable, cost-effective adsorbents derived from
agricultural waste materials (Afolalu et al., 2022; Johnson
et al,, 2008; Liu et al., 2024; Priyan et al., 2024). Among
these, watermelon rind has emerged as a promising
candidate due to its high content of cellulose,
hemicellulose, lignin, and pectin (Akinyemi et al., 2020;
Othman et al., 20106). Accounting for neatly 30% of the
fruit's weight, the rind is often discarded as waste
following consumption (Beegum et al., 2024). However,
studies have demonstrated its potential as a biosorbent for
various pollutants, including synthetic dyes (Onyango et
al., 2025; Rekha Krishnan et al., 2023; Wang et al., 2022).
The natural abundance of functional groups in cellulose
and lignin enables effective interactions with dye
molecules during the adsorption process (Shukla et al.,
2024). Alkaline treatment of the rind further enhances this
capacity by increasing surface area and introducing more
active binding sites. This involves treating the rind with an
alkaline solution that removes residual impurities and
activates the surface for greater dye uptake (Onyango et
al.,  2025). The resulting material is plentiful,
biodegradable, and offers a viable, sustainable solution for
industrial wastewater treatment (Onyango ct al., 2025).

While experimental studies provide macroscopic insights
into adsorption performance, they provide inadequate
information on the microscopic interactions governing
adsorbate-adsorbent binding. Computational studies, in
particular density functional theory (DFT) calculations,
have emerged as a powerful tool to bridge this gap by
providing information on the electronic properties,
molecular orbitals, charge distributions, reactivity, and
reactive sites of both the adsorbent and the dye molecules
(Anadebe et al., 2025). The combined experimental and
adsorption studies with DFT computations is a powerful
technique to unveil adsorption mechanisms, validate
experimental observations, and understand the processes
governing adsorption at the molecular level (Anadebe et
al., 2025). However, only a few of these studies integrated
experimental and DFT approaches to analyze agro-waste
adsorbents for azo-dye removal. This study therefore,
presents a combined experimental and computational
investigation of the potential of alkaline-modified
watermelon rind as an efficient, eco-friendly adsorbent for
removing EBT dye from wastewater. The adsorption
process was evaluated via kinetic, isotherm, and
thermodynamic studies to understand the mechanism,
adsorption capacity, and spontaneity. More so, the
integrated DFT studies will reveal the electronic
properties and molecular interactions between the dye and
the key functional groups of the WR. The synergy between
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these two methods will provide robust insights into
adsorption behavior, guiding the development of cost-
effective, sustainable materials for dye remediation in
wastewater treatment,

MATERIALS AND METHODS
Preparation and Modification of Adsorbent

Watermelon rinds (WR) used in this work were sourced
from the New Market area in Ijebu-Ode, Nigeria. After
collection, the rinds were rinsed with tap watet to remove
surface debris, then thoroughly washed with distilled
water to remove any residual impurities. The cleaned rinds
were then left to air-dry under direct sunlight for seven
days. Once thoroughly dried, the rinds were ground into
smaller particles using an electric blender. To activate the
adsorbent, the crushed material was soaked in 0.1 M
NaOH for 24 hours, a chemical treatment designed to
enhance adsorption efficiency by increasing surface area
and clearing blocked active sites. The modified rinds were
then filtered and oven-dried at 80°C to eliminate moisture.
Finally, the dried samples were ground once more and
passed through a 30-mesh sieve to ensure uniform particle
size. The fine powder was stored in sealed plastic bags for
later use in the adsorption expetiments.

Preparation of Adsorbate: Eriochrome Black T Dye
Solution

To prepare the adsorbate, a stock solution of EBT dye was
formulated by dissolving 0.25 g of the dye in 500 mL of
distilled water, yielding a concentration of 500 ppm. From
this stock, working solutions at 10 ppm, 20 ppm, and 30
ppm were prepared by serial dilution. These standard
solutions served as the adsorbates in the batch adsorption
experiments.

Characterization of Adsorbent

The surface chemistry of the alkaline-modified
watermelon rind (WR) adsorbent was characterized using
Fourier Transform Infrared (FTIR) spectroscopy to
identify its functional groups. For this, WR samples were
loaded onto potassium bromide (KBr) discs and then
examined using an FTIR spectrophotometer. The
resulting spectra provided valuable information on the
chemical bonds and surface functionalities involved in the
adsorption process, and were recorded over 4000-400

cm™! with a resolution of 4 cm™.

Batch Adsorption Studies

To assess the performance of WR as an adsorbent for
EBT dye removal, batch adsorption experiments were
performed. Each test was conducted in a 250 mL
Erlenmeyer flask containing 25 mL of the dye solution.
These flasks were placed in a temperature-controlled
water bath shaker and agitated at 160 rpm for 30 minutes

to reach equilibrium conditions.

Badeji et al., /USci, 4(3): 381 — 399, September 2025 382


https://scientifica.umyu.edu.ng/

UMYU Scientifica, Vol. 4 NO. 3, September 2025, Pp 381 — 399

In every experiment, one parameter, such as pH,
concentration, or dosage, was systematically varied while
the others were kept constant to determine the optimal
adsorption conditions. The variables examined included
the pH of the solution (ranging from 2 to 10), adsorbent
dosage (0.1 to 1.0 g), initial dye concentration (5 to 30
mg/L), contact time (5 to 60 minutes), and temperature
(25 to 60°C). The pH of the solution is adjusted using
0.1M of HCl/NaOH. After equilibrium was reached, the
solutions were centrifuged to separate the adsorbent from
the dye. The residual dye concentration in the supernatant
was measured using a UV-Vis spectrophotometer (Hitachi
U-3210, Japan) at the maximum absorbance wavelength
(Mmax). All results obtained are in triplicate. The means
values were obtained for further computations.

Data Analysis

All adsorption experiments were conducted in triplicate (n
= 3), and the mean values were used for analysis. Error
bars in Figures 3—6 represent the standard deviation of
triplicate runs. The adsorption data obtained from the
UV-Vis spectrophotometer were used to calculate the
removal efficiency (%) and adsorption capacity ¢, in
mg/¢ of the watermelon rind for the removal of EBT dye
using equations (1) and (2) below.

Dye Removal Rate (%): “—= x 100 )
Ci—Ce

m

Adsorption Capacity q, (mg/g): XV @)

Where: C; is the C, are the initial and equilibrium dye
concentration (mg/L) respectively, 17 is the solution
volume (L), and  is the adsorbent mass (g)

Adsorption Kinetic Studies

The Pseudo-First-Order kinetic Model can analyze the
adsorption kinetic mechanism. The pseudo-first-order
model (Lagergren, 1898) assumes physical adsorption as
the rate-limiting step. Its linear form is represented in
equation (3) below

log(¢e — q¢) = log g, — (3t 3

where q; (mg/g) is the adsorption capacity at time # (min),
and 4 is the first-order rate constant (min1).

The Pseudo-second-order model (Ho & McKay, 1999)
presumes chemisorption as the dominant mechanism.

. . t .
The linear equation for the plot of %S t is represented
t

in equation (4) below

Thermodynamic Studies

Thermodynamic parameters, including the Gibbs free
energy change (AG), enthalpy change (AH), and entropy
change (AS) for the adsorption process, were derived from
temperature-dependent Langmuir constants (K;) at 298,
308, and 318 K to determine the adsorption feasibility and
the thermodynamic nature of the process involved. The
van’t Hoff equations (5-7) below were used

AS AH 1
anL_?_?'; (5)
— Cae
K==, ©)
AG = —RTInK, 7

where AG (kJ/mol), AH (kJ/mol), and AS (kJ/mol-K)
are Gibbs free energy, enthalpy, and entropy changes,
respectively. R (8.314 J/mol-K) is the gas constant, T (K)
is the temperatute, and Kj is the Langmuir constant. AH
and AS were obtained from the slope and intercept

of InK; vs. 1
T

Equilibrium Adsorption Isotherm Models

The adsorption isotherms were used to evaluate the
equilibrium adsorption. The Langmuir isotherm model
(Langmuir, 1918) describes monolayer adsorption on a
homogeneous surface with a finite number of identical
active sites. The linearized form of the model is expressed
in equation (8) below

1 1 1

Z: QmKLCe+a (8)

where g, (mg/g) and C,
equilibrium  adsorption

(mg/L)
capacity and

represent  the

residual  dye
concentration, respectively. K; (L/mg) is the Langmuir
equilibrium constant, and q,, (mg/g) represents the
maximum monolayer adsorption capacity.

The feasibility of adsorption is assessed using the
dimensionless separation factor
equation (9)

(R) according to

1
Ru= 13 Ky, Co ©)

where Cy (mg/L) is the initial dye concentration.
Adsorption is favorable if 0 < Ry < 1, unfavorable if R} >
1 and irreversible if R; = 0 (Harrache & Abbas, 2022).

The Freundlich model (Freundlich, 1906) applies to
heterogeneous surfaces with non-uniform adsorption
energies. Its linearized form is expressed in equation (10)

t 1 1
= ot (q—) t @ below
1
Whete £; is the second-ordet rate constant (g/mg) Ing, = - InC, + InKy (10)
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where, Kp (I./g) reflects adsorption capacity, and 1/
n (dimensionless) indicates adsorption intensity. A value
of 1/n <1 suggests favorable adsorption. The plot of
In g, as a function of In C, provides a straight line with
1/n as the slope and InKy as the intercept.

Computational Details

Quantum chemical calculations were conducted using the
Gaussian 16 software suite, employing Density Functional
Theory (DFT) as the computational framework (Frisch et
al., 2016). The molecular geometries of various EBT
conformers were optimized using the B3LYP functional,
a hybrid approach that integrates Becke’s three-parameter
exchange with the Lee—Yang—Parr correlation functional
(Becke, 1993; Hassan, 2014). Calculations were carried out
with the 6-311++G(2d,p) basis set, which includes both
diffuse and polarization functions. This extended basis set
improves the accuracy of electronic structure predictions,
especially in valence and peripheral electron regions, and
is particularly suited for capturing subtle intermolecular
interactions (Andersson & Uvdal, 2005). Frequency
analyses at the same theoretical level confirmed that the
optimized geometries represent true minima on the
potential energy surface (Grandhi, 1993). The 3D
molecular structures were visualized using CYLview
software (Legault, 2010), while Chemcraft (Andrienko,
2010) was used to display molecular orbitals and
optimized geometries. GaussView 6.0 supported input
setup, output interpretation, and the visualization of
electrostatic potential surfaces and Natural Bond Orbital
(NBO) interactions (Dennington et al., 2023).

To explore electrostatic behavior, a Molecular
Electrostatic Potential (MESP) map was generated. This
map uses a color gradient to differentiate regions of
electrostatic potential: blue zones indicate areas of positive
potential suitable for nucleophilic attack, red zones matk
negative regions conducive to electrophilic interactions,
and green denotes neutral charge areas (Suresh et al,

2022).

Frontier Molecular Orbital (FMO) analysis was performed
using the B3LYP/6-311++G(2d,p) level to assess
electronic characteristics (Huang et al., 2017). Energies of
the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) were
calculated, and the resulting HOMO-LUMO energy gap
(AEg) provided insight into electron excitation behavior.
The HOMO level correlates with the molecule’s
ionization potential, while the LUMO relates to its
electron affinity (Badeji et al., 2024). The HOMO-LUMO
gap reflects the energy required for an electronic transition
and serves as a key indicator of intramolecular charge-
transfer capabilities (Aihara, 1999). Smaller gaps typically
imply higher chemical reactivity and lower kinetic stability,
as electron redistribution is easier (Oladipo et al., 2023).
Additionally, quantum chemical reactivity descriptors
were derived to further interpret the molecular behavior
(Aihara, 1999; Huang et al., 2017; Islam & Ghosh, 2011;
Ogunlana et al., 2018; Zhan et al., 2003). These included
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chemical hardness (7)), which indicates resistance to
electron transfer, and softness (o), its inverse, representing
how readily the molecule accommodates changes in
electron density. Electronegativity (y), estimated as the
mean of HOMO and LUMO energies, quantifies the
molecule’s tendency to attract electrons. The
electrophilicity index (w) was computed to assess the
molecule’s reactivity toward nucleophilic species (Pal &
Chattaraj, 2023). These descriptors collectively provide
insights into EBT’s stability and interaction mechanisms
and were computed using the equations reported in the
literature.

The workflow diagram for the synergistic integration of
experimental adsorption studies and DFT-based
computational analysis is shown in Figure 1 below.

Alkaline-treated
watermelon rind
(WR)

|

Characterization- Density functional
FTIR theory (DFT) studies

¥ ¥

Batch adsorption
experiments

Quantum chemical
parameters, NBO

> 4 ¥

Adsorption kinetics, Molecular
thermodynamics and electrostatic potential
isotherms surface map

Figure 1: Workflow diagram of the experimental and
computational phases for the adsorption of EBT dye
on WR.

RESULTS AND DISCUSSION
Characterization of the adsorbent

FTIR analysis is crucial for identifying functional groups
responsible for dye adsorption on adsorbent surfaces. As
illustrated in Figure 2, the FTIR spectra of watermelon
rind before and after exposutre to Eriochrome Black T dye
reveal several significant functional groups. A broad
absorption band obsetved between 3600 and 3000 cm™
corresponds to N—H stretching vibrations typical of N-
substituted amides. The peak at 2850 cm™ is attributed to
C—H stretching in aldehydes, while the strong absorption
at 1739 cm™ signifies C=0 stretching associated with
ketones, esters, lactones, quinones, or carboxylic acids.
Additionally, aromatic C—H bending vibrations are
evident in the 800 to 400 cm™ range (Olukanni &
Mnenga, 2015). The obsetved shifts in peak positions after
dye uptake indicate the active participation of carbonyl
groups, amides, and aromatic rings in the adsorption

mechanism.
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Figure 2: FTIR Spectrum of Watermelon rind before and after adsorption of EBT Dye

Effect of Different Parameters on the Adsorption of
EBT Dye on Watermelon Rind

Effect of pH

The pH of the solution is a critical factor influencing the
adsorption efficiency, as initial pH conditions significantly
affect the interaction between the adsorbent and the
adsorbate (Al-Degs et al., 2008). As shown in Figure 3,
adsorption capacity declines with increasing pH, with a
maximum efficiency of 78% recorded at pH 2 and a
minimum of 49% at pH 8. At lower pH levels, the
abundance of hydrogen ions enhances the surface
positivity of the adsorbent, thereby promoting
electrostatic attraction with the negatively charged dye
molecules. In contrast, elevated pH values diminish
adsorption efficiency due to increased charge repulsion, a
phenomenon commonly reported in adsorption
mechanism studies (Fujimoto et al., 2017).

Effect of Adsorbent Dosage

As shown in Figure 4, adsorption efficiency increased
markedly with a rise in adsorbent dosage from 0.1 g to 0.8
g, reaching a peak removal rate of 76% before declining
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slightly at 1.0 g. This behavior is primarily linked to the
expanded surface area and the greater number of available
adsorption sites as more adsorbent is introduced (Foster,
2015). Initially, the enhancement in dye removal
corresponds to the increased availability of active binding
sites. However, beyond a certain dosage, further increases
offer minimal benefit, and the efficiency begins to drop.
This reduction at higher dosages is likely due to an
unfavorable dye-to-biosorbent ratio, which limits effective
interaction between dye molecules and the adsorbent
surface (Foster, 2015).

Effect of Temperature

As illustrated in Figure 5, the adsorption capacity of EBT
dye increased with temperature, peaking at 50 °C before
declining at higher temperatures. This pattern indicates
that the adsorption process is endothermic, where
elevated temperatures initially promote stronger molecular
interactions. However, beyond the optimal point, the
decline in efficiency is likely due to a reduction in available
sutface area or weakened intermolecular forces at elevated
thermal conditions. These findings are consistent with
those by Mahmoodi and co-workers, who observed
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similar thermal effects on dye adsorption (Mahmoodi,

2011).

0.0 0.2 0.4 0.6 0.8 1.0

Dosage (g)
Figure 4: Effect of adsorbent dosage on the
adsorption of Eriochrome Black T dye using
watermelon rind with standard deviation error bars at
optimum conditions (pH 2, temperature at 25° C, 120
minutes contact time, concentration at 30ppm).
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o

10

0

pH
Figure 3: Effect of solution pH on the adsorption of
EBT dye using watermelon rind with standard
deviation error bars at optimum conditions (0.8g
dosage, temperature at 25° C, 120 minutes contact
time, concentration at 30ppm).

Effect of Contact Time and Initial Concentration

The adsorption rate increased steadily with time and the
initial EBT dye concentration. For dye concentrations
ranging from 5 ppm to 30 ppm, adsorption rates plateaued
after 35 minutes and showed a slight decline beyond 45
minutes (Figure 06). Higher adsorbate concentrations
increase competition for binding sites, consistent with
findings by Okeimen and co-wotkers (Okieimen et al.,
2007). This trend is attributed to the increase in mass
transfer driving force, which enhances EBT adsorption.
Additionally, the amount of dye removed rose with
increasing initial dye concentration, reinforcing the role of

https:/ /scientifica.umyu.edu.ng/

contact time in adsorption efficiency. The removal of
EBT was notably influenced by the duration of interaction
within a defined time frame.

84
82
80 -
8-

76

Percentage removal (%)

74+

72 T T T T T T T T
20 25 30 35 40 45 50 55 60 65

Temperature (°C)

Figure 5: Effect of temperature on the adsorption of
Eriochrome Black T dye using watermelon rind with
standard deviation error bars at optimum conditions
(pH 2, dosage at 0.8g, at 120 minutes contact time,
concentration at 30ppm).
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Figure 6: Effect of contact time and initial dye

concentration on the adsorption of Eriochrome Black

T dye using watermelon rind with standard deviation

error bars at optimum conditions (pH 2, temperature

at 25° C, 0.8g dosage, and concentration at 30ppm).

Amount adsorbed
()]
|

Thermodynamic Studies

The thermodynamic parameters validate that the
adsorption process is spontaneous and endothermic. The
Van’t Hoff plot (InK vs. 1/T) reveals a positive AH®,
confirming the endothermic nature of the process, while a
positive AS® indicates increased randomness at the solid-
liquid intetface. Additionally, the negative AG® suggests
the feasibility of adsorption, reinforcing its spontaneity
(Figure 7). A detailed summary of these thermodynamic
parameters is provided in Table 1.
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Figure 7: Plot of InKj. vs 1/T for the temoval of EBT
dye onto watermelon rind as an adsorbent

Adsorption Kinetics

The experimental adsorption data were analyzed using
pseudo-first-order and pseudo-second-order kinetic
models (Figure 8a and 8b). The parameters derived from
these models, along with their respective correlation
coefficients (R?), are summarized in Table 2. Based on the
correlation coefficient R? = 0.993, the adsorption of EBT
dye aligns well with the pseudo-second-order model,
indicating a strong fit (Figure 8b). Furthermore, the
equilibrium concentration (qc) obtained from this model
closely matches the experimentally determined . value,
reinforcing the reliability of the kinetic analysis.

-0.10

-0.15 4

-0.20

e-qt)

o
S -0.25
-0.30

-0.35 4

-0.40 T T T T | T
0 10 20 30 40 50 60

t (min)

Figure 8a: Pseudo-first-order kinetic model for the
adsorption of EBT dye using watermelon rind.

Isotherm Studies

Adsorption isotherms elucidate the interactions between
adsorbates and adsorbents. In this study, both the
Langmuir and the Freundlich models were employed to fit
the experimental data, with the Freundlich isotherm
emerging as the superior model (Figure 9a and 9b). As
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detailed in Table 3, all calculated isotherm constants,
including correlation coefficients (R?) reaching 0.99,
demonstrate that the Freundlich model consistently
provides a better fit across all tested temperatures
compared to the Langmuir isotherm. This model accounts
for the heterogeneous distribution of active sites and
interactions among adsorbed molecules, thereby
providing an accurate description of adsorption behavior.
Consequently, the Freundlich isotherm model most
effectively represents the experimental data for the
adsorbent's removal of EBT, in agreement with the
findings of  Vigdorowitsch  and co-workers
(Vigdorowitsch et al., 2021).

1.6
1.4
1.2 =
1.0

Zos
0.6- -
0.4-
0.2- =

00 T T T T T T
0 10 20 30 40 50 60

t (min)

Figure 8b: Pseudo-second-order kinetic model for the
adsorption of EBT dye using watermelon rind.
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= ]
00 . . . ———— . - - ; - :
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Time (min)

Figure 9a: Langmuir adsorption isotherm model for
Eriochrome Black T dye using watermelon rind.

When benchmarked against recent bio-adsorbent studies,
the adsorption capacity of the present system (Qmax =
16.30 mg/g; 78 % efficiency, AG°= -4.43 KJ/mol) to
remove EBT dye is lower than those reported for nickel
modified orange peel (Qmax = 71.42 mg/g, 98 %
efficiency, AG°= -4.46 KJ/mol), rice hull-based activated
carbon (93.14 %), green coffee residue (=100%), acid-
treated tea waste (95%), and rice husk (94%) under
optimized conditions (Table 4). The reason for this
difference appears to be primarily due to differences in
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Table 1: Thermodynamic parameters for the sorption of EBT dye using watermelon rind.

T (°C) AG (kJ/mol) AH (kJ/mol) AS (k] /mol)
25 -2.25
30 -3.83
40 -4.43 23.17 11.63
50 -5.33
60 -6.25
C=0), which provide electrostatic attraction and
@ hydrogen bonding between the anionic EBT dye and the
7 o < . — adsorbent. On the other hand, untreated watermelon rinds
2 = = = . = are primarily lignocellulosic, providing numerous potential
e binding sites; however, few of these sites may be active
g due to minimal surface modification.
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'}g Figure 9b: Freundlich adsorption isotherm model for
5 > —~ Eriochrome Black T dye using watermelon rind.
s |8
§ a g . . “ “ - Also, many of the adsorbents reported in Table 4 have
IS o v = = = = = undergone various chemical treatments (e.g., acid/base
1 . . . .
k= = activation) to increase their surface area, pore volume, and
i & ™) functional group density. Watermelon rind was only
= . PO .
o B~ % alkaline-modified in this study, providing only a moderate
g 8 £ degree of adsorption enhancement, but not to the same
g 25) =) level as dual acid-base modification. It should be noted
g a < I 5 @ 3 ] that the surface area and pore size of an adsorbent have a
- R~ o — < ~ = 3 direct impact on its adsorption capacity. Rice husk and tea
= waste generally have larger surface areas and microporous
: g y & P
3 c structures, which are conducive to dye molecule capture,
z % whereas watermelon rind may have less developed pores.
2 £
N
B ’&T_‘ In addition to being lignocellulosic in nature, watermelon
g 9 . «“ s . 3 rind is comprised of cellulose, hemicellulose, lignin, and
2 o i = S 3 x small amounts of pectin, and a large amount of moisture
< s
o and soluble sugars. These components will likely reduce
g N the material's mechanical properties when wet and may
O S 8 & &2 he o create difficulties maintaining structural integrity during
3 [ o . .
) o b - the adsorption process. As such, the ability of watermelon
jé rind to adsorb dye is reduced relative to more rigid and
|2 s = 5] R - carbon rich materials, such as coffee residue and tea waste.

surface chemistry, porosity, and treatment process among
these adsorbents. Adsorbents such as acid-treated tea
waste and green coffee residues both contain abundant
oxygen-containing functionalities (—-COOH, —OH, -
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Although the 78% adsorption efficiency obtained from
the alkaline modification of watermelon rind is lower than
some of other agricultural waste materials reported in the
literature, it is still offers some notable advantages (mild
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temperatures, requires no chemical activation, and
exhibits consistent Freundlich behaviour suggestive of
surface sites capable of chemisorptive interactions with
highly reactive EBT conformers) considering it is a non-
toxic, abundant, and inexpensive material it operates

agents, or carbonization—the adsorption efficiency could
be markedly improved. Ultimately, this study shows that
unoptimized watermelon rind can remove a significant
portion of EBT dye, thereby supporting its use as an
environmentally friendly biosorbent for the future

effectively at. With further optimization—such as acid— development of sustainable wastewater treatment
base dual modification, surface activation with oxidizing technologies.
Table 3: Isotherm constants for the adsorption of Eriochrome Black T dye.
Langmuir Freudlich
Qmax 15.23 Ke 10.56
Rl 0.37 1/n 0.18
R2 0.97 R2 0.99

O P
EBT-1
AG = 0.00 kcal/mol

EBT-3
AG = 0.80 kcal/mol

EBT-5
AG =26.01 kcal/mol

EBT-2
AG = 0.02 kcal/mol

EBT-4
AG = 14.17 kcal/mol

Figure 10: Geometric Structures of the different EBT conformers examined

DFT Calculations

Geometry optimization of different form of the Erichrome Black T
Dye

Eriochrome Black T is a hydroxyl-aryl azo dye characterized
by several functional groups, including an azo linkage

https:/ /scientifica.umyu.edu.ng/

(—N=N—), C—N, C—H, C-S, §=0, N—O, C—-0, and
O—H bonds, as illustrated in Figure 10. The azo group in
EBT connects two aromatic units: naphthalen-1-ol and
sodium 3-hydroxy-7-nitronaphthalene-1-sulfonate. To
determine the most stable molecular geometry, five
conformers (EBT-1 to EBT-5) were analyzed through
DFT calculations. In the first conformer, EBT-1, the mo-

Badeji et al., /USci, 4(3): 381 — 399, September 2025 389


https://scientifica.umyu.edu.ng/

UMYU Scientifica, Vol. 4 NO. 3, September 2025, Pp 381 — 399

oM SIY T,

(020T “Te 32 resueq)

(zzog “Te 30 3ezUEN)

(¢20z “1e 32 vepng)

(€10T “Te 32 BUN'] 9p)

(S20T “Te 32 [easuey])

(220T “Te 32 FeZUBN)

(Sz0z “e 30 vnQ)

(S20T “Te 30 ues])

(S00T “Te 32 Twery)

(T20z “Te 32 eURING)

(S20T “Te 30 FeUTYOJ)

(120T “Te 32 31[Y)

%8L

%S6

%001=

% ¥6

% ¥1°¢6

%86

%8L

%8

% €°L6

Apanadsaz o416 PUT %46

%16

(tOSTH) %L6 “HOEN) %86

%<6

PUII UO[OWIINE X\

91SEM €3] PaleasI-pOy

SINPISAF 99JJ0D U223

Sty 991 PIYIPON

TOQIed pajeAndt paseq-[[ny 901

[22d 93uero paygrpows [9Y2IN]

SONPISIT 99JJ00 UIII3

HOW\K/OQ SOAEI[ vURUREY

Sty 991 PIYIPON

22d 98uer()

[[2Ys InU0O207)

[02d 98uer()

[2od eueueg

I Youpq atttosqaoni]

L 9I7]¢] 2ut04G2024 ]

L 971§ 210460247

I Youpq atttosqaoni]

L 901g 21104420247 ]

I Y01 autodqron ]

pad 05107

anjq auaplgpap\

24p 0z (HHN) dTII07) MIN

(0894 08 PN P21 Pue (C2IA) €T P P21

24p (AD) 197014 [e3S43))

19[0T1A TeIS£317)

SYE MO[P A XHISIH] pue “Id9 HIN P2y Z5v2( ‘NVH 9 Y¢ld [0zex(q

SIOURIYOY

(v;,) £ioedes uondiospy

1UdqIOSPY

;L

*S9AP JO [EAOWIdI 3} JOJ SIUIQIOSPE Sk SIIseMm [eImnorrse snowrea jo Apoeded uondiospe oy jo uospedwo) : d[qe],

configuration but features a proton transfer from the

lecule adopts a trans-configuration across the azo linkage,

hydroxyl group of the naphthalen-1-ol moiety to the N16

stabilized by dual intramolecular hydrogen bonds between
the hydroxyl hydrogens and the azo nitrogen atoms. This

atom of the azo group. Notably, the Gibbs free energy of

suggesting

identical to that of EBT-1,
comparable thermodynamic stability. In EBT-3, proton

is

EBT-2

structure serves as the reference for evaluating the relative
energies of the other conformers. EBT-2 retains the trans-
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transfer occurs from the hydroxyl group of the bulkier
sodium 3-hydroxy-7-nitronaphthalene-1-sulfonate
fragment to Ny7 of the azo group. The relative Gibbs free
enetgy of this conformer is only 0.80 kcal/mol higher than
EBT-1, indicating that steric effects from the bulkier
fragment are negligible, likely due to the spatial separation
of the two aromatic moicties. EBT-4 involves a dual
proton transfer from both hydroxyl groups to the azo
nitrogens, resulting in a geometry stabilized by two
hydrogen bonds between the resulting deprotonated
oxygens and the protonated azo nitrogens (Figure 10).
However, this conformer exhibits a significantly higher
relative Gibbs free energy of 14.17 kcal/mol, indicating
that the azo-hydrazone tautomer is energetically
unfavorable and unlikely to represent the dominant form
of the dye. Lastly, EBT-5 adopts a cis-configuration
between the two aromatic fragments. Due to this
geometry, only a single hydrogen bond forms between O3
and the protonated Ny7. This conformer has the highest
relative Gibbs free energy at 26.01 kcal/mol, effectively
ruling it out as a viable geometry for the EBT dye.
Throughout all conformers, the sodium ion plays a crucial
role in stabilizing the molecular structure, contributing to
the overall electronic and conformational stability of the
dye.

Focusing on evaluating the bond distances between key
atoms involved in the dye’s molecular framework across
all conformers, Na—O and Na-S bond lengths remained
consistent, with minor fluctuations; Na—O ranged from
2.22 to 2.23 A, while Na—S remained uniformly at 2.68—
2.69 A (Table 5). This minimal variation indicates a stable
interaction between the sodium atom and the
coordinating oxygen and sulfur atoms across the different
forms, suggesting that these atoms form a strong
coordination environment. The sulfonic group (—SO37)
remained structurally invariant among the conformers,
with the S—O single bond measuring 1.67 A and the S=O
double bond fixed at 1.40 A. These consistent values
imply that the sulfonic group does not undergo significant
geometric alterations between conformers and likely plays
a stabilizing role in the overall structure of the dye (Kaur
ct al., 2021). Similarly, the C-N bond length showed slight
variation, with most conformers at 1.47 A, while EBT-4
and EBT-5 had marginally shorter values of 1.46 A,
possibly due to local structural strain or electronic effects
(Nasrallah et al., 2024). A key differentiator among the
conformers is obsetved in the azo and related nitrogen-
based functionalities. EBT-1 is the only conformer that
retains the characteristic azo (N=N) bond, with a bond
length of 1.23 A, indicative of a strong double bond. In
contrast, the other conformers exhibit an N-N single
bond (1.40 A), highlighting tautomeric or structural
rearrangements that replace the azo linkage. Additionally,
conformers EBT-2 and EBT-3 possess a C=N double
bond (1.31 and 1.29 A, respectively), which is absent in
the other structures, further confirming electronic
rearrangement or tautomerism in these forms (Table 5).
All conformers, except EBT-1, display an N-H bond
(1.00 A), supporting the idea of a proton transfer or
hydrogen shift that leads to the loss of azo character (Joshi
et al., 2002).
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Table 5: Bond lengths of the various EBT conformers
examined

Bond EBT- EBT- EBT- EBI- EBT-
Type 1 2 3 4 5
A)

Na-O 223 222 2.23 2.23 2.23
Na-§  2.69 2.68 2.69 2.69 2.69
S-O 1.67 1.67 1.67 1.67 1.67
$S=0 1.40 1.40 1.40 1.40 1.40
C-N 1.47 1.47 1.47 1.46 1.46
N=N 123 - - - -

N-N - 1.40 1.40 1.40 1.40

N=C - 1.31 1.29 - -
N-H 1.00 1.00 1.00 1.00

N=O 120 1.20 1.20 1.20 1.20
C-C 1.40 1.40 1.40 1.40 1.40
C-O0 1.43 1.43 1.43 - -
C=0 - 1.25 1.26 1.27 1.26
C-H 1.07 1.07 1.07 1.07 1.07
O-H 0.96 0.96 0.96 - -

The nitro group (-NOg) remains intact in all structures,
with the N=O bond consistently measured at 1.20 A,
typical for such a strongly electron-withdrawing group.
The aromatic C—C bonds maintain uniformity across all
conformers (1.40 A), suggesting that the n-conjugated ring
system remains unaffected by conformational changes
(Kertesz et al., 2005). Similarly, C-O single bonds ate
observed in EBT-1 to EBT-3 with a bond length of 1.43
A, while EBT-4 and EBT-5 show a transition to carbonyl
(C=0) groups, evident by shorter bond lengths ranging
from 1.25 to 1.27 A. This shift likely arises from keto-enol
tautomerism or oxidation reactions occurring during dye
transformation (Rauf et al., 2015). The C-H and O-H
bond lengths are consistently recorded at 1.07 A and 0.96
A, respectively, in conformers where they appear.
Notably, the hydroxyl (O—H) group is absent in EBT-4
and EBT-5, which could be due to intramolecular
hydrogen bonding or deprotonation leading to keto
formation, as supported by the presence of a C=O bond
in these structures (Koll et al, 2006). Geometry
optimizations reveal that the EBT dye exhibits rich
structural flexibility, with tautomerism, coordination
interactions, and electronic rearrangements contributing
to the stabilization of multiple conformers. These
geometric distinctions are critical for understanding the
dye’s electronic properties and interaction mechanisms
with metal ions or surfaces in analytical and sensor
applications.

Natural Bond Orbital (NBO) Analysis and Its
Implications for Adsorption Behavior

To gain deeper insight into the electronic properties and
potential reactivity of EBT dye relevant to its adsorption
on watermelon rind biomass, Natural Bond Orbital
(NBO) analysis was conducted for five conformers (EBT-
1 to EBT-5). This analysis elucidated key intramolecular
donor—acceptor interactions, second-order stabilization
energies (E?), energy gaps between interacting orbitals
(E(G)-E@), and Fock matrix elements (F(,j)) that
collectively influence the electronic structure and stability
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Table 6: Natural Bond Order (NBO) parameters for EBT conformers

Conformers Donor (i) Acceptor (j) E2 (kcal/mol) E()-E() (a.u) F(i,j) (a.u)
EBT-1 0 S35 -O42 o Ca4-Hs2 879.68 0.44 0.560

0 C22-O37 0" O34-Hss 852.49 4.01 1.662

LP (3) O3 LP* (1) Nags 9.28 0.45 0.061
EBT-2 7 N3g-Ouo 0" S35-O36 733.06 0.46 0.537

LP (2) O 0" Nig-Has 590.49 13.57 2.566

LP (1) Oss 0" C27-Co9 363.80 0.42 0.348
EBT-3 LP (1) O3 0" Nyo-Ous2 829.79 0.29 0.440

o C2-S37 0" C0-Oss 801.58 0.37 0.488

o C2-S37 0" Nao-O42 594.73 0.15 0.273
EBT-4 0 Cs-Nig o" Cso-Haz 575.05 1.66 0.871

LP (1) O40 o" Cso-Haz 471.39 147.73 7.458

o C2-Ss36 0" C14-O1s 281.17 0.36 0.320
EBT-5 0 C1-Cug 0" N39-Ouo 992.35 8.63 2.625

LP (1) O4 0" Cs0-Hsz2 876.58 2.76 1.424

LP (1) Oss 0" Nis-Ni7 685.60 2.07 1.066

Table 7: Quantum descriptors for EBT conformers

Paramete Erumo Enomo AE EA IP ] X (eV- X ®
r (V) (V) V) (V) (V) V) Y V) (V) (V)
EBT-1 -2.96 -6.07 3.11 2.96 6.07 1.55 0.64 -451 451 6.55
EBT-2 -3.36 -5.82 2.46 3.36 5.82 1.23 0.81 -459 459 8.57
EBT-3 -3.46 -5.87 2.41 3.46 5.87 1.21 0.83 -4.66  4.66 9.01
EBT-4 -3.95 -5.53 1.58 3.95 5.53 0.79 1.26 -4.74 474 14.20
EBT-5 -4.06 -5.49 1.43 4.06 5.49 0.71 1.40 477 477 15.95

of each conformer (Table 6). In EBT-1, the most
significant stabilizing interaction was observed between
0(S36-042) and o*(C24-H32) orbitals, with an
exceptionally high stabilization energy (E? of 879.68
kcal/mol, a small energy gap (0.44 a.u), and a moderate
F(,j) value of 0.560. A comparable interaction involving
0(C22-037) and 0*(O34-H35) further contributes 852.49
kcal/mol, highlighting  strong delocalization
pathways that enhance conformational stability. A
moderate lone pair interaction between LP(3) O37 and
LP*(1) Na43 (E2 = 9.28 kcal/mol) suggests a weak but
relevant coordination to the sodium atom, which could
impact dye—metal interactions during adsorption. In EBT-
2 delocalization from the n(N38-040) to o*(§35-030)
orbitals contributes 733.06 kcal/mol, suggesting efficient
resonance along the nitroso-sulfonate backbone. Notably,
a strong LP(2) O40 — o*(N16-H44) interaction (E* =
590.49 kcal/mol; F(i,j) = 2.566) underscores the presence
of intense hyperconjugative stabilization, potentially
affecting the dye’s hydrogen-bonding propensity.
Additionally, LP(1) O15 — o*(C27-C29) yields 363.80
kcal/mol, supporting delocalization across the aromatic
system, which may enhance n—n interactions during
adsorption.

o—o*

EBT-3 also demonstrates substantial stabilization
through lone pair interactions, with LP(1) O39 —
o*(N40-042) contributing 829.79 kcal/mol. The sulfur
center (6(C2-S37)) participates in multiple interactions
with  o%(C20-0O35) and o*(N40-042), yielding
stabilization energies of 801.58 and 594.73 kcal/mol,
respectively. These results indicate enhanced electron
delocalization along the sulfur—oxygen framework, which
may favor adsorption via electrostatic and donor—acceptor
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interactions. In EBT-4, while overall stabilization is
lower, notable interactions include o(C5-N16) —
o*(C30-H32) with 575.05 kcal/mol and LP(1) O40 —
o*(C30-H32) with 471.39 kcal/mol. Although the latter
shows an unusually high energy gap (147.73 a.u), the large
Fock matrix value (7.458) may indicate a highly strained or
potentially transient interaction. This could reflect an
unstable or less reactive conformer under adsorption-
relevant conditions. The ¢(C2-S36) — o*(C14-0O15)
delocalization (E? = 281.17 kcal/mol) adds to the
moderate stabilization profile. EBT-5 exhibits the
strongest  donor—acceptor interaction  across  all
conformers, with 6(C1-C14) — ¢*(IN39-040) delivering
an E? of 992.35 kcal/mol and F(i,j) of 2.625, indicating
significant electronic stabilization, particulatly near the azo
ot nitro moiety. Additionally, lone pair interactions from
042 and O38 to o*(C30-H32) and o*(IN16-N17),
respectively, contribute 876.58 and 685.60 kcal/mol,
suggesting strong hyperconjugative effects that may
influence hydrogen bonding and sutface affinity.

Therefore, EBT-1 and EBT-5 exhibit the most
pronounced stabilizing interactions, suggesting greater
electronic stability and possibly enhanced adsorption
capabilities. These interactions are largely governed by
lone pait — o* and ¢ — o* delocalizations involving
clectronegative atoms (O, N) and conjugated systems.
Such features are critical for EBT's reactivity, coordination
potential with metal ions, and affinity for functional
groups on the watermelon rind surface (e.g., hydroxyl,
carboxyl, or carbonyl groups). The identified electronic
descriptors may thus inform the dye's adsorption
efficiency and provide a theoretical foundation for its
effective removal in wastewater treatment applications.
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Quantum chemical descriptors

To elucidate the electronic structute and reactivity
patterns of EBT in the context of its adsorption onto
alkaline-modified watermelon rind for dye removal from
wastewater, frontier molecular orbital (FMO) analysis was
performed. This was complemented by the calculation of
key quantum chemical descriptors, namely ionization
potential (IP), electron affinity (EA), chemical hardness
(), softness (o), chemical potential (), electronegativity
(%), and electrophilicity index (w), to further assess the
adsorption potential of five EBT conformers (EBT-1 to
EBT-5). The HOMO-LUMO plots and calculated
descriptors together provide deep insights into the
stability and reactivity trends among the EBT conformers
(Aihara, 1999; Badeji et al., 2024; Islam & Ghosh, 2011;
Zhan et al., 2003).

From the FMO plots in Figure 11, it is evident that the
distribution of electron density in the HOMO and LUMO
orbitals varies significantly across the conformers, directly
influencing their reactivity. In EBT-1, the HOMO is
delocalized over the azo and phenolic regions, while the
LUMO is concentrated on the sulfonic acid moiety and
aromatic ring, suggesting a possibility of intramolecular
charge transfer that contributes to its electronic inertness.
This conformer also displays the largest energy gap (AE =
3.11 eV), confirming its highest chemical stability and
lowest reactivity among the five (Aihara, 1999). In
contrast, EBT-5, which has the smallest HOMO-LUMO
gap (AE = 1.43 eV), shows a more significant overlap of
HOMO and LUMO densities across conjugated -
systems, particulatly around the azo and aromatic regions.
This spatial proximity of the orbitals facilitates electron
excitation and transfer, indicating enhanced reactivity.
This is corroborated by its high electron affinity (EA =
4.06 eV) and low ionization potential (IP = 5.49 V), both
of which imply an enhanced ability to accept and donate
electrons, key traits for adsorption interactions (Table 7)
(Pal & Chattaraj, 2023). Furthermore, EBT-5 exhibits the
lowest chemical hardness (n = 0.71 eV) and the highest
softness (o = 1.40 eV™), suggesting greater polarizability
and a greater propensity to undergo electronic
deformation in response to surface interactions. Its high
electrophilicity index (w = 15.95 eV) reflects a strong
affinity for nucleophilic species, reinforcing its potential as
a highly efficient electron acceptor and an efficient
adsorbate in aqueous media.

EBT-4 also shows a low AE value (1.58 ¢V) and similar
orbital delocalization across active functional groups,
reinforcing its high reactivity and suitability for
interactions with adsorbent surfaces. EBT-2 and EBT-3,
with intermediate energy gaps (2.46 ¢V and 2.41 eV,
respectively), show HOMO density over the azo and
hydroxyl groups, and LUMO distribution on electron-
withdrawing moieties, suggesting moderate potential for
electron transfer and adsorption. In contrast, EBT-1,with
the highest hardness (n = 1.55 eV), lowest softness (o =
0.64 eV™), and lowest electrophilicity index (w = 6.55
eV),is more electronically stable and less reactive, ideal
characteristics for applications demanding low reactivity
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(Pal & Chattaraj, 2023). These properties suggest limited
interaction with polar or charged adsorbent surfaces,
which makes adsorption-driven removal less favorable.
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Figure 11: The HOMO-LUMO plots for EBT
conformers

While the EBT-4 and EBT-5 conformers exhibit
enhanced electron-accepting capacity, extensive orbital
delocalization, and a pronounced electrophilic character
that favors interactions with the adsorbent, the EBT-1
conformer is notably recalcitrant due to its inherent
clectronic  stability. Consequently, if the dye were
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predominantly present in the configurations represented
by EBT-4 and EBT-5, its removal from aqueous systems
would be significantly more effective, a conclusion that
aligns with the findings reported by Mahmood et al
(2021).

Relationship between the quantum descriptors to the
experimental thermodynamics

The DFT-based reactivity descriptors showed a good
correlation with the experimental thermodynamics in
terms of mechanisms. Of the five conformers of EBT,
EBT-5 had the smallest HOMO-LUMO gap (AE=
1.43eV), lowest hardness (n = 0.71eV), and had the largest
electrophilicity (w= 15.95eV), thus it is the most
electronically "soft" and has the greatest ability to receive
an electron from a donor site at the adsorbent's surface.
This would explain why the dye can easily donate into the
LUMO, facilitating charge transfer and orbital ovetlap, as
well as the endothermic (AH® = +23.17 kJ/mol) and
spontaneous (AG® = -2.25 to -6.25 kJ/mol) adsorption
behavior observed experimentally. The small AE and 7
indicate that this dye will require relatively little activation
energy to be adsorbed onto the adsorbent, whereas the
large w indicates that there should be a strong interaction
between the dye and the adsorbent's surface functional
groups, consistent with the Freundlich model (R* = 0.99,
1/n = 0.18). Therefore, the DFT descriptors support the
explanation of the thermodynamic behavior based on a
chemisorption mechanism in which donor-acceptor
interactions occut between the dye's reactive orbitals and
the adsorbent's reactive sites.

Molecular Electrostatic Potential (MESP) Analysis

To complement the electronic structure insights provided
by FMO and NBO analyses, the Molecular Electrostatic
Potential (MESP) surfaces of the five conformers of EBT
were generated and are presented in Iigure 12. These
surfaces visualize the spatial distribution of electrostatic
potential, providing valuable insights into regions prone to
electrophilic or nucleophilic interactions. In these maps,
red regions denote areas of high electron density
(favorable for electrophilic attack), while blue zones
highlight  electron-deficient —areas (susceptible to
nucleophilic attack). Intermediate shades (green to yellow)
correspond to regions of neutral or weak polarity.

EBT-1 displays a distinct deep blue region near the
sodium atom at the molecule’s terminal end, suggesting a
strongly nucleophilic site capable of interacting with
electron-rich or polar functional groups present on the
adsorbent surface. Conversely, a vivid red zone is
observed around the sulfonic acid group (-SOs3H),
particularly concentrated over the oxygen atoms,
confirming their electrophilic nature. The molecule
exhibits a well-defined bipolar MESP distribution,
reflecting a stable dipole moment. This spatial charge
separation is consistent with EBT-1's high HOMO-
LUMO gap and its pronounced donor—acceptor orbital
interactions identified through NBO analysis, indicating
chemical stability and moderate reactivity.
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In EBT-2, the red lobes over the sulfonyl oxygen atoms
remain prominent, reinforcing their role as electrophilic
sites. However, the blue region is more broadly distributed
than in EBT-1, extending toward the central nitrogen and
adjacent amide group (Figure 12). This indicates greater
overall polarizability and stronger intramolecular charge
separation, as supported by NBO results showing
enhanced donor—acceptor delocalization across the
sulfonyl and neighboring n systems. The electrostatic
profile supports its moderate HOMO-LUMO gap and
clectrophilicity index, suggesting that EBT-2 could
facilitate more dynamic interactions with functional
groups such as hydroxyl or carboxyl moieties on the
watermelon rind.

EBT-3 shows a less intense blue region centered on the
NH and adjacent carbonyl groups, suggesting localized
electron-deficient regions. The sulfonic group retains its
strong red coloration. Compared to EBT-2, the weaker
blue intensity in EBT-3 suggests reduced electrophilic
susceptibility. This observation is consistent with its
intermediate FMO descriptors and less intense NBO
stabilization, suggesting moderate adsorption potential
and reactivity.

The MESP sutface of EBT-4 exhibits highly localized and
intense red regions over the sulfonyl oxygen atoms, along
with a deep blue patch on the NH linker. This sharp
contrast signifies a highly polarized electronic structure
and is in strong agreement with the pronounced donor—
acceptor stabilization noted in the NBO analysis,
particularly the large hyperconjugative stabilization energy
(F(,j) = 7.458 a.u). The intense MESP contrast supports a
higher electrophilicity index, rendering this conformer
more chemically reactive and potentially more interactive
with polar functional groups on the adsorbent surface.

EBT-5 exhibits the most delocalized and extensive MESP
surface among all conformers. Both red and blue regions
are spread over larger molecular areas, particulatly around
the sulfonic, carbonyl, NH, and even aromatic regions.
The intense blue patches across the amide and phenyl
domains signify multiple nucleophilic sites, while the red
zones on the sulfonic group remain consistent. This
widespread charge distribution reflects high softness and
the strongest electrophilicity index recorded, in agreement
with FMO and NBO findings that designate EBT-5 as the
most reactive conformer. These features make EBT-5
particularly favorable for multi-point adsorption via
electrostatic, hydrogen-bonding, and n—n interactions.

To sum up, the MESP analysis supports the trends
observed in the FMO and NBO calculations. EBT-5 is the
most reactive conformer, exhibiting significant charge
delocalization and multiple reactive sites, which enhance
its ability to form electrostatic and hydrogen-bonding
interactions with biomass surfaces. Similarly, EBT-4
shows high polarity and localized reactivity, promoting
strong interactions with functional groups on alkaline-
modified watermelon rind. In contrast, EBT-1 is the most
electronically stable conformer, with confined and weak
electrostatic features that limit its reactivity and interaction
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with adsorbent surfaces, making it more recalcitrant. If
EBT-4 or EBT-5 had represented the dominant
configuration of the EBT dye, its removal would have
been more efficient due to their greater interaction
potential. Across all conformers, the sulfonic acid group

acts as a key electrophilic site, while NH and carbonyl
regions, especially in EBT-4 and EBT-5, serve as
nucleophilic zones that facilitate coordination with
hydroxyl and carboxyl groups on the adsorbent during dye
removal from aqueous media.

EBT-3

EBT-5

EBT-2

EBT-4

Figure 12: Molecular Electrostatic Potential (MESP) plots for the studied compounds

Mechanistic linkage between DFT results and the
adsorption behavior of WR

The quantum chemical results provide mechanistic
support for the experimentally observed adsorption
behaviour. Among the five EBT conformers, EBT-5
exhibited the lowest HOMO-LUMO energy gap (AE =
1.43 ¢V), implying greater clectronic reactivity and a
stronger tendency for charge transfer or orbital overlap
with the adsorbent surface. This aligns with the Freundlich
isotherm fit (IKf = 10.56, 1/n = 0.18, R? = 0.99), which
signifies a heterogeneous adsorption surface with
energetically distinct binding sites. The positive enthalpy

https:/ /scientifica.umyu.edu.ng/

(AH® = +23.17 k] mol™) and entropy (AS°® = +11.63 k]
mol™" K™) further support an endothermic,
chemisorptive process involving partial electron exchange
rather than purely physical interactions. Thus, the DFT-
predicted high reactivity of EBT-5 provides a molecular
rationale for the experimental evidence of multi-site,
energetically diverse adsorption and the increase in
spontaneity (AG® = -225 to -6.25 k] mol™) with
temperature. The 78% maximum removal efficiency
obtained experimentally corroborates this favourable but
moderate interaction strength, consistent with partial
chemisorption driven by the dye’s reactive electronic
structure and surface heterogeneity.
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The combination of DFT-validated molecular reactivity
and favourable thermodynamic parameters thus supports
a coherent mechanism in which adsorption proceeds
through localized, energetically heterogeneous
interactions. Future surface functionalization could
exploit EBT-5s low AE to further enhance electron-
transfer binding and improve adsorption capacity toward
the high-performance range reported for contemporary
bio-adsorbents.

CONCLUSION

This study confirms the effectiveness of alkali-modified
watermelon rind as a sustainable, low-cost adsorbent for
removing Eriochrome Black T dye from aqueous media. The
adsorption achieved a maximum efficiency of 78 %,
following the Freundlich isotherm behaviour (R? = 0.99,
1/n = 0.18), indicative of heterogeneous surface sites and
multilayer adsorption. Thermodynamic parameters (AG®
=-2.25 to —6.25 kJ /mol; AH® = +23.17 k] /mol) confirm
a spontaneous and endothermic process consistent with
chemisorption. Kinetic analysis showed that adsorption
followed the pseudo-second-order model, highlighting the
dominance of surface-controlled mechanisms. DFT,
NBO, and FMO analyses further elucidated that the EBT-
5 conformer (AE = 1.43 V) exhibits the highest reactivity,
explaining the experimentally observed affinity for
heterogeneous sites. Therefore, integrating experimental
and quantum-chemical insights provides a coherent
mechanistic understanding of dye—adsorbent interactions
and validates the potential of agricultural residues as
effective biosorbents. These findings position alkali-
modified watermelon rind as a readily available green
adsotrbent for industrial wastewater treatment, with DFT
guidance offering a rational pathway for future surface
modifications and scalability.
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The TOC figure illustrating watermelon rind valorization pathway is given below

Watermelon rind valorization pathway
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