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Dye contamination in wastewater represents a significant environmental challenge because of the toxic

nature and poor biodegradability of these compounds. Developing cost-effective, environmentally

friendly adsorbent materials derived from agricultural waste is essential for enhancing wastewater

treatment efficiency at a reasonable cost. This study investigated the adsorption capability of methylene

blue (MB) from aqueous solutions using activated carbon synthesized from durian shells and seeds

(BDSS). The adsorbent was prepared via pyrolysis at 500 °C combined with a subsequent hydrothermal

treatment. Adsorption experiments were conducted to evaluate key influencing factors and adsorption

characteristics. The results revealed that BDSS exhibited a high specific surface area (441.71 m2 g−1),

a porous structure, an iodine number of 589 mg g−1, and a point of zero charge (pHpzc) of 6.47. The

adsorption of MB onto BDSS followed the Langmuir isotherm model, achieving a maximum adsorption

capacity of 136.99 mg g−1. The process adhered to pseudo-second-order kinetics and was identified as

a spontaneous and endothermic reaction. Adsorption was observed to occur on both homogeneous and

heterogeneous surface sites through a combination of physical and chemical mechanisms, including

electrostatic interactions, hydrogen bonding, p–p interactions, electron donor–acceptor interactions,

and pore filling. In addition, an artificial neural network (ANN) model was well established to predict

BDSS adsorption performance under varying conditions. The optimal ANN with five input variables, one

hidden layer of 11 neurons, and one output neuron showed excellent predictive accuracy (R > 0.99).

Initial MB concentration had the most pronounced effect, followed by temperature, adsorbent dosage,

contact time, and pH. The method is beneficial for process optimization and engineering applications.

Furthermore, BDSS maintained 53.74% of its adsorption capacity after three reuse cycles, demonstrating

good reusability. Overall, the findings suggest that BDSS-derived activated carbon is a promising, eco-

friendly adsorbent with potential applications in the treatment of dye-contaminated wastewater.
1. Introduction

Methylene blue (MB) is a synthetic cationic dye extensively
applied in a variety of industries, including textiles, printing,
leather tanning, and paper manufacturing. Due to its highly
stable molecular structure, excellent water solubility, and strong
dyeing properties, MB is frequently detected in industrial
wastewater at signicant concentrations, as it is oen not
completely removed during standard treatment processes.
When released into the environment, MB not only causes visible
color change in natural bodies of water but also initiates a range
of negative ecological and human health effects. Ecologically,
MB is capable of inhibiting photosynthesis in aquatic plants,
sity of Education, 20 Luong Ngoc Quyen

y, TNU-University of Science, Tan Thinh

-mail: xuanvt@tnus.edu.vn

3749
reducing dissolved oxygen, and disrupting normal food chains.
In humans, prolonged exposure to MB can lead to serious
health issues, including respiratory impairment, nausea, vom-
iting, headaches, and in severe instances, blindness and
nervous system impairment. More recent research has also
established the potential genotoxic and carcinogenic activity of
this chemical.1,2 In these situations, effective treatment of MB in
wastewater has become an acute environmental problem. Many
approaches have been investigated and utilized for the removal
or degradation of MB from water sources, including chemical
precipitation, oxidation, coagulation, electrochemical treat-
ment, membrane separation, photocatalysis, and ion
exchange.3–6 Among them, adsorption has been extensively
recognized as one of the best and economic techniques.
Adsorption not only provides high MB removal efficiency but is
also characterized by some unique benets such as low opera-
tion cost, simplicity, no toxic by-products, and recoverability of
the adsorbent.7,8 Durian seeds and shells have become potential
© 2025 The Author(s). Published by the Royal Society of Chemistry
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biomass resources for the production of adsorbent materials
because they have a high chemical composition. Durian fruit
waste mainly consists of cellulose, hemicellulose, lignin, and
some organic compounds. Cellulose, as mentioned by Adun-
phatcharaphon et al. (2020),9 constitutes the highest percentage
(about 47%), followed by hemicellulose and lignin, which are
about 10% each. Durian waste is thus a great carbon-rich
precursor for the synthesis of bio-based adsorbents.

According to the Food and Agriculture Organization (FAO),
global commercial production of durian was over 930 000 tons
in 2021, ten times what it was in the early 2000s. Thailand,
Malaysia, and Indonesia alone produce approximately 866 000
tons of durian waste annually in Southeast Asia,10 and the global
production is even higher, contributing signicantly to envi-
ronmental pollution. In Vietnam, durian production was
around 642 000 tons in 2022 and generated approximately 449
400 tons of shell and seed waste.11 If it is not well managed, the
tremendous volume of organic waste can cause signicant
environmental issues.12

The utilization of durian waste for the production of adsor-
bents not only addresses the problem of agricultural waste
pollution but also contributes to the creation of sustainable
solutions in wastewater treatment. Current research has been
successful in exploring the conversion of biomass and agricul-
tural waste, durian shells included, into green adsorbents. For
example, Cai et al. (2022)2 prepared a composite material con-
sisting of durian shell biochar bers and Fe3O4 loaded in
a metal–organic framework (MOF) structure, which exhibited
excellent dye adsorption capacity and high reusability. All the
above results reveal the huge potential of agricultural waste
valorization for sustainable and economic dye removal.

In the last few years, numerous studies have focused on the
synthesis and application of adsorbent materials for the effi-
cient removal of pollutants from aquatic systems. Activated
carbon, natural and modied biochars, metal–organic frame-
works (MOFs), and natural or surface-modied clays with high
adsorption capacities are the most studied materials.13–15

Among these, activated carbon is particularly valued because of
its low cost, extensive sources of raw materials, ease of prepa-
ration, and high regenerability.16,17 The adsorption capacity of
activated carbon is primarily governed by its pore structure,
specic surface area, and presence of active surface functional
groups.

One of the emerging research elds is the production of
activated carbon from renewable raw materials agricultural
wastes, such as durian shells, which are abundant, carbon-rich,
and environmental-friendly materials. As advocated by Jam-
nongkan et al.,18 the typical synthesis of activated carbon from
durian shells involves two general steps: (1) pyrolysis of raw
biomass under oxygen-limited conditions to produce biochar,
and (2) chemical activation of the produced biochar, followed
by pyrolysis, to produce an ordered porous activated carbon.
With high temperature in the initial stage of pyrolysis, hydrogen
and oxygen elements of cellulose are favored to decompose into
gases, and the resulting product is enriched with carbon. In the
second activation process, biochar is mixed with activating
agents such as acids (H2SO4, H3PO4), bases (KOH), or salts and
© 2025 The Author(s). Published by the Royal Society of Chemistry
again subjected to heat treatment. Acids donate protons (H+),
whereas bases donate hydroxyl groups (OH−), which alter
surface properties and facilitate pore development in the acti-
vated carbon.19–23 Contact between the activating agents and the
carbon matrix produces adsorbents with large surface areas,
well-developed pore structure, and strong binding energies for
contaminants.

In addition to chemical activation, hydrothermal carbon-
ization (HTC) has also been widely applied for processing
biomass into porous carbon materials with high adsorption
potential. HTC facilitates the formation of microporous struc-
tures, preserves aromatic ring stability, and improves the
interaction between the adsorbent and pollutants in aqueous
systems.24,25 Consequently, the combined use of pyrolysis and
hydrothermal methods to produce biochar from agricultural
waste, such as durian shells, is regarded as a promising
approach for creating eco-friendly, high-performance
adsorbents.

However, to the best of our knowledge, while numerous
studies have reported the preparation of activated carbon and
biochar from either durian shells or seeds, very few have
explored the combined use of both shells and seeds in adsor-
bent synthesis. Moreover, no study has yet employed a sequen-
tial pyrolysis followed by hydrothermal treatment using
a mixture of durian shells and seeds specically for methylene
blue adsorption. Existing research has also not provided
a comprehensive evaluation of key aspects such as the physical
properties, iodine number, adsorption kinetics, activation
energy, thermodynamics, and adsorption mechanisms of MB
on carbon materials derived from this combined biomass
source. Notably, the application of the Halsey isotherm model,
which effectively describes adsorption on heterogeneous
surfaces, has not been thoroughly investigated in this context.

In parallel with materials development, recent advances in
machine-learning architectures highlight how domain-aware
feature extraction and multiscale representation can substan-
tially improve predictive performance on irregular, high-
dimensional data. For example, graph-based deep networks
equipped with edge-convolution layers and multiscale neigh-
borhoods have achieved accurate segmentation of complex,
non-Euclidean point-cloud surfaces; incorporating normal-
vector features further enhances sensitivity to subtle
geometric patterns, albeit with higher computational load.26,27

These studies, while developed for human–machine interaction
and rehabilitation tasks, underscore generalizable strategies,
robust feature learning, density-aware training, and careful
accuracy–complexity trade-offs that we also leverage in our ANN
analysis for adsorption modeling. Building on these insights,
our ANN is congured to capture nonlinear structure–property
relationships in MB uptake while remaining computationally
efficient for practical use.26,27

The present study aims to synthesize activated carbon from
a combined mixture of durian shells and seeds, a novel and
underexplored approach, using a two-stage process involving
pyrolysis and hydrothermal treatment to optimize pore struc-
ture and adsorption properties. To date, no published study has
simultaneously utilized both durian shells and seeds in this
RSC Adv., 2025, 15, 33726–33749 | 33727
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combined method for methylene blue removal. The specic
objectives of this study are to: (i) synthesize and characterize
activated carbon derived from durian shells and seeds, with
a focus on determining physical properties such as specic
surface area, pore structure, iodine index, and surface func-
tional groups. (ii) Evaluate the adsorption efficiency of methy-
lene blue under various experimental conditions. (iii) Analyze
the adsorption behavior using isotherm models (Langmuir,
Freundlich, Temkin, Elovich, Redlich-Peterson, and Halsey),
kinetic models (pseudo-rst-order, pseudo-second-order, Elo-
vich, the particle diffusion kinetic model), and thermodynamic
parameters (DG°, DH°, DS°) to elucidate the adsorption mech-
anisms involved.
2. Materials and methods
2.1. Materials

2.1.1. Source and preparation of durian peel and seed.
Durian shells and seeds were collected from local markets in
Thai Nguyen province, where durian is commonly purchased by
residents for consumption. Aer the edible esh was used as
food, the shells and seeds, by-products typically regarded as
low-value agricultural waste, were gathered for use as raw
materials in the preparation of biochar. The recovery and
utilization of such agricultural residues not only help to reduce
the volume of organic waste generated from daily activities but
also contribute to the development of eco-friendly adsorbent
materials for environmental remediation applications.

2.1.2. Chemicals. All chemicals used in the experiments
were of analytical reagent grade (PA) and were supplied by
Merck. The reagents included methylene blue, NaOH solution,
HNO3 solution, and ethanol (C2H5OH).
2.2. Synthesis of studied materials

The preparation of biochar from durian shells and seeds (DSS)
was carried out using a combined pyrolysis and hydrothermal
method as follows: the durian shells and seeds were rst thor-
oughly washed with water to remove dust and inorganic
impurities, then sun-dried for 24 hours. The materials were
subsequently oven-dried at 80 °C for 24 hours. Aer drying, the
shells and seeds were mixed at a mass ratio of 2 : 1 (shells to
seeds), then cut into small pieces and ground to a particle size
of less than 4 mm. The mixture samples were carbonized in
a muffle furnace at 400, 500, and 600 °C for 3 h, with a heating
rate of 5 °Cmin−1. The carbonization was carried out in covered
ceramic crucibles to minimize oxygen intrusion, thereby
ensuring an oxygen-limited environment favorable for biochar
formation. Aer pyrolysis, the resulting material was cooled,
transferred into an autoclave containing distilled water, sealed,
and subjected to hydrothermal treatment at 200 °C for 6 h. The
hydrothermal process was conducted under self-generated
pressure conditions, ranging from approximately 1.5 to
2.0 MPa. The nal product was ltered, oven-dried at 60–80 °C
until a constant weight was achieved, ground into ne powder,
and stored in a desiccator.
33728 | RSC Adv., 2025, 15, 33726–33749
The biochar samples produced from durian shells and seeds
at pyrolysis temperatures of 400 °C, 500 °C, and 600 °C were
labeled as BDSS4, BDSS45, and BDSS6, respectively. All samples
were stored in sealed containers and kept in a desiccator. An
amount of 0.05 g of each material, BDSS4, BDSS5, and BDSS6,
was added to separate Erlenmeyer asks containing 20 mL of
MB solution with an accurately determined initial concentra-
tion of 50 mg L−1 at pH 7. The mixtures were then shaken using
a mechanical shaker at 300 rpm for 60 minutes under ambient
temperature conditions (25 ± 1 °C). Aer the adsorption
process, the solutions were centrifuged at 4000 rpm for 15
minutes. The supernatant was collected using a micropipette to
determine the residual concentration of MB.

The calculated adsorption efficiencies of MB onto BDSS4,
BDSS5, and BDSS6 were 80.40%, 91.15%, and 85.06%, respec-
tively (Fig. S1, see SI). The results indicate that BDSS5 exhibited
the highest adsorption efficiency for MB (91.15%). This can be
explained by the fact that during the calcination of the durian
shell and seed materials at 600 °C, partial decomposition may
have occurred, forming ash and reducing the carbon content,
which in turn decreased the adsorption efficiency. Therefore,
BDSS5 was selected as the material for further adsorption
studies of MB in aqueous solutions. From this point on, this
material is denoted as BDSS.

2.3. Characterization of studied materials

The surface morphology of DSS and BDSS, both before and aer
adsorption, was examined using scanning electron microscopy
(SEM) on a JSM-6510LV instrument (Jeol, Tokyo, Japan). The
elemental composition of DSS and BDSS was analyzed by
energy-dispersive X-ray spectroscopy (EDS) using the same SEM
system. In addition, the surface functional groups of BDSS
before and aer adsorption were identied through Fourier-
transform infrared spectroscopy (FT-IR) using a Neus 670
spectrometer (Nicolet, Brighton, MO, USA). The crystalline
structure of BDSS was characterized by X-ray diffraction (XRD)
using an Equinox 5000 instrument (Thermo Science, Paris,
France), and by Raman spectroscopy with a Micro-Raman LAB
RAM-1B system (Jobin-Yvon, France). The specic surface area
of BDSS was determined by the Brunauer–Emmett–Teller (BET)
method using a Micromeritics-3030 analyzer (USA).

2.4. Determination of the point of zero charge (pHpzc) of the
material

A series of 0.1 M NaCl solutions with initial pH values (pHi)
ranging from 1 to 10 was prepared. Ten 100 mL Erlenmeyer
asks were set up, each containing 0.05 g of BDSS material.
Subsequently, 100 mL of NaCl solution at the corresponding
initial pH was added to each ask. The mixtures were le
undisturbed for 48 hours to reach equilibrium, aer which the
suspensions were ltered, and the nal pH (pHf) of each solu-
tion was measured. The pH difference (DpH) was calculated
using the equation DpH= pHf− pHi. A graph of DpH versus pHi

was plotted, and the point at which the curve intersects the x-
axis (where DpH = 0) was identied as the point of zero charge
(pHpzc) of the material.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5. Batch study on factors affecting methylene blue
adsorption by BDSS

To ensure reproducibility, each experiment assessing the
adsorption capacity of BDSS for methylene blue (MB) was con-
ducted in triplicate under identical conditions. The reported
results represent the average of the three independent trials.

The concentration of methylene blue (MB) was analyzed and
determined using the UV-Vis molecular absorption spectro-
photometry method on a UH5300 spectrophotometer (Hitachi,
Japan). The adsorption efficiency of MB by BDSS was calculated
using the following equation:

H ¼ ðC0 � CcbÞ
C0

� 100 (1)

where, H is the adsorption efficiency (%), C0 is the initial
concentration of the solution (mg L−1), Ce is the equilibrium
concentration of the solution (mg L−1).

2.5.1. Effect of pH. An amount of 0.05 g of BDSS was placed
in a 100 mL Erlenmeyer ask, followed by the addition of 20 mL
of MB solution with an accurately prepared initial concentra-
tion of 50.00 mg L−1. The pH of the solutions was adjusted
within the range of 3 to 10 using 0.1 M HCl and 0.1 M NaOH
solutions. Themixtures were agitated on a shaker at 300 rpm for
60 minutes at room temperature (25 ± 1 °C). Aer the adsorp-
tion process, the suspensions were centrifuged at 4000 rpm for
15 minutes to separate the solid phase, and the residual
concentration of MB in the supernatant was subsequently
determined by using the UV-Vis method.

2.5.2. Effect of contact time. Adsorption is a dynam-
ic equilibrium process, where the adsorbate requires a certain
period to reach adsorption equilibrium. Insufficient contact
time may result in incomplete adsorption, whereas
excessive contact time could lead to desorption and unneces-
sary time consumption. Therefore, following the pH study, the
effect of contact time on the adsorption equilibrium was
investigated.

A total of 0.05 g of BDSS was added to 100 mL Erlenmeyer
asks containing 20 mL of MB solutions at accurately prepared
concentrations of 50 mg L−1, 75 mg L−1, and 100 mg L−1. All
solutions were adjusted and maintained at pH 7. The adsorp-
tion experiments were conducted by shaking at 300 rpm for
varying contact times: 30, 60, 90, 120, 150, 180, and 210 minutes
at room temperature (25 ± 1 °C). At each designated time
interval, samples were withdrawn and centrifuged at 4000 rpm.
The supernatants were carefully collected using a micropipette,
and the residual MB concentrations were measured to assess
adsorption performance over time.

2.5.3. Effect of adsorbent dosage. A series of BDSS samples
with varying masses ranging from 0.01 g to 0.125 g were intro-
duced into separate 100 mL Erlenmeyer asks. Each ask was
then lled with 20 mL of MB solution at an accurately deter-
mined initial concentration of 50 mg L−1. The pH of all solu-
tions was adjusted and maintained at 7. The adsorption
experiments were performed by shaking the mixtures at
300 rpm for 60 minutes at room temperature (25 ± 1 °C). Aer
adsorption, the mixtures were centrifuged at 4000 rpm for 15
© 2025 The Author(s). Published by the Royal Society of Chemistry
minutes to separate the solids, and the residual MB concen-
tration in the supernatant was subsequently determined.

2.5.4. Effect of temperature. A set of 100 mL Erlenmeyer
asks was prepared, each containing 0.05 g of BDSS and 20 mL
of MB solution with an accurately prepared initial concentra-
tion of 100.00 mg L−1. The pH of all solutions was adjusted to 7
using 0.1 M NaOH and 0.1 M HNO3 solutions. The adsorption
experiments were carried out on a thermostatic magnetic stirrer
at stirring speeds of 300 rpm for contact times ranging from 30
to 120 minutes. The tests were conducted at different temper-
atures: 303 K, 313 K, and 323 K. Aer adsorption, the suspen-
sions were centrifuged to remove the solids, and the residual
MB concentration in the supernatant was measured.

2.5.5. Effect of initial MB concentration. Each 100 mL
Erlenmeyer ask was loaded with 0.05 g of BDSS and 20 mL of
MB solution with initial concentrations ranging from 50 to
500 mg L−1 (accurately prepared). The pH of all solutions was
adjusted and maintained at 7 throughout the experiments. The
adsorption was performed by shaking the mixtures at 300 rpm
for 60 minutes at room temperature (25 ± 1 °C). Aer adsorp-
tion, the mixtures were centrifuged at 4000 rpm for 15 minutes.
The supernatants were collected using a micropipette, and the
residual concentrations of MB were determined to evaluate the
adsorption capacity at different initial concentrations.

2.5.6. ANN-based simulation of methylene blue adsorption
onto durian-derived activated carbon. Articial neural network
(ANN) modeling was employed to simulate the adsorption
behavior of methylene blue (MB) on activated carbon derived
from durian waste. The ve input variables were pH, contact
time, adsorbent dose, initial MB concentration, and tempera-
ture. The whole dataset was divided at random into three sets:
70% for model training, 15% for validation, and 15% for
testing. The ANN architecture consisted of three layers: an input
layer comprising ve neurons (one for each independent vari-
able), a single hidden layer, and an output layer with one
neuron that represented the estimated MB removal efficiency.
The number of hidden layer neurons was optimized using
a trial-and-error method, varying from 5 to 20 neurons, to select
the best conguration. Training was performed through the
Levenberg–Marquardt backpropagation algorithm (trainlm)
with a fast convergence rate and function approximation ability
chosen to perform the training. Gradient descent with
momentum (learngdm) was utilized as the adaptation learning
rule to enhance the speed of learning and avoid local minima
trapping. Regarding the activation functions, the hidden layer
utilized the hyperbolic tangent sigmoid function (tansig) to
leverage its nonlinear mapping characteristics when handling
normalized input data. The output layer utilized a linear acti-
vation function (purelin) to facilitate continuous prediction of
the output. The model's predictive ability was established
through comparison of the ANN-derived outputs with experi-
mental outputs. Performance metrics involved the mean
squared error (MSE), Pearson correlation coefficient (R), and the
coefficient of determination (R2), which are calculated below:

MSE ¼ 1

N

XN
i

�
yprd;i � yexp;i

�2
(2)
RSC Adv., 2025, 15, 33726–33749 | 33729
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R ¼
PN
i

�
yexp;i � yexp;m

��
yprd;i � yprd;m

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i

�
yexp;i � yexp;m

�2s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i

�
yprd;i � yprd;m

�2s (3)

All modeling and computations involved in these equations
are the experimental observed value yexp,i, predicted value yprd,i,
mean of observed values yexp,m, mean of predicted values yprd,m
and number of samples N. All analysis and modeling were
conducted using MATLAB R2018a and its Neural Network
Toolbox.
2.6. Adsorption isotherms, kinetics, and thermodynamics

2.6.1. Adsorption isotherms. To accurately describe the
adsorption behaviour of MB onto biochar, various adsorption
isotherm models were employed. These models help to under-
stand the interaction between the adsorbate and the adsorbent
surface, providing insights into adsorption capacity, surface
heterogeneity, and the mechanism of adsorption. The Lang-
muir model assumes monolayer adsorption on a homogeneous
surface, whereas the Freundlich model accounts for multilayer
adsorption on heterogeneous surfaces. The Temkin, Elovich,
Redlich–Peterson, and Halsey models further rene the analysis
by incorporating factors such as temperature effects, surface
heterogeneity, and empirical tting parameters. The Langmuir
equation is founded on monolayer adsorption onto a homoge-
neous surface and is expressed by the equation C0/qe = 1/(qmax

× b) + Ce/qmax, where qe and qmax are the equilibrium and
maximum adsorption capacities (mg g−1) and b is the constant
of Langmuir. The favorability of adsorption is expressed by the
separation factor RL = 1/(1 + b × C0) with 0 < RL < 1 for favorable
adsorption. The Freundlich model describes multilayer
adsorption onto heterogeneous surfaces and is expressed as ln
qe = ln KF + (1/n) ln Ce, where n (typically > 1) is the adsorption
intensity and KF is the Freundlich constant. The Temkin model,
expressed as qe = B ln KT + B ln Ce considers indirect adsorbate–
adsorbent interactions, and B is the Temkin constant, whereas
KT is the binding constant. The Elovich equation, ln(qe/Ce) = ln
KE qm − qe, is used to describe chemisorption on extremely
heterogeneous surfaces, with KE being the Elovich constant and
qm the maximum adsorption capacity. The Redlich–Peterson
model, with contributions of Langmuir and the Freundlich
models, is given as ln (Ce/qe)= b ln Ce − ln A, with A and b being
empirical constants. Finally, the Halsey model, expressed as qe
= (1/nH) In(KH− 1/nH) ln Ce, is suitable for multilayer adsorption
on a heterogeneous surface, where nH and KH are model
constants. Ce is the MB solution equilibrium concentration in
all models.

2.6.2. Adsorption kinetics. Kinetic studies provide valuable
insights into the adsorption mechanism and allow for the
identication of potential rate-controlling steps, such as
chemical reactions and mass transport processes.28 While
several kinetic models are available, the pseudo-rst-order
(PFO) and pseudo-second-order (PSO) rate equations are the
most frequently employed in adsorption research.29 In this
33730 | RSC Adv., 2025, 15, 33726–33749
study, both the pseudo-rst-order and pseudo-second-order
models were applied. Additionally, to determine if the adsorp-
tion process is governed by diffusion, the particle diffusion
kinetic model30 was also utilized.

ln(qe − qt) = ln(qe) − k1t (4)

t

qt
¼ 1

k2qe2
þ 1

qe
t (5)

qt = Kdif t
0.5 + Ci (6)

ln(1 − F) = −Kfd
.t (7)

where t represents the contact time (minutes), k1 is the rst-
order rate constant (min−1), and k2 is the second-order rate
constant (min−1 L mg−1). qt is the adsorption capacity at time t,
and qe is the adsorption capacity at equilibrium. Kdif and Kfd are
the constants for intra-particle diffusion and lm diffusion rate,
respectively. F represents the fraction of solute adsorbed at time
t (minutes), where F = qt/qe denotes the fractional amount of
solute at equilibrium.

2.6.3. Adsorption thermodynamics. The thermodynamic
parameters governing the adsorption of MB onto BDSS were
evaluated by calculating the standard Gibbs free energy (DG°),
standard enthalpy (DH°), and standard entropy (DS°) using the
following equations:where R is the universal gas constant (8.314
J mol−1 K−1), T is the adsorption temperature in Kelvin, and KD

is the thermodynamic equilibrium constant, which was derived
according to the following relationship:

DG˚ = −RT lnKD (8)

ln KD ¼ �DG�

RT
¼ �DH�

RT
þ DS�

R
(9)

where q represents the amount of MB adsorbed, and Ccb is the
concentration of MB in the solution at equilibrium.

KD ¼ q

Ccb

(10)

2.6.4. Activation energy. To calculate the activation energy
from the adsorption kinetics, the value of h is initially deter-
mined using the following equation:

h ¼ 1

b
(11)

where b is the coefficient in the second-order rate equation. The
parameter h represents the initial adsorption rate (mg g−1 min)
in the PSO model. It describes the adsorption rate at the very
beginning of the process.

Subsequently, the activation energy (E) is computed using
the equation:

E = RT × (ln h − ln k) (12)

where R is the universal gas constant (R= 8.314× 10−3 kJ mol−1

K), T is the temperature (K), and k is the second-order rate
constant. eqn (11) was chosen to determine the activation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy as it enables the estimation of the energy barrier of the
adsorption process based on the temperature dependence of
the rate constant (k) and the initial adsorption rate (h). This
approach is particularly useful when analyzing the thermody-
namic feasibility and nature of the adsorption mechanism.

2.7. Material reusability

The regeneration of BDSS aer adsorption was performed by
washing the spent material with 70% ethanol (C2H5OH), fol-
lowed by thorough rinsing with distilled water and subsequent
drying. For the reuse experiments, 100 mL Erlenmeyer asks
were prepared, each containing 0.05 g of the regenerated BDSS
and 20 mL of MB solution at a precisely controlled concentra-
tion of 50 mg L−1. The pH of each solution was adjusted to 7.
The adsorption process was carried out by shaking the mixtures
at 300 rpm for 60 minutes at room temperature (25 ± 1 °C).
Aer adsorption, the suspensions were centrifuged at 4000 rpm
for 15 minutes to separate the solid phase, and the residual MB
concentration in the supernatant was determined.

3. Results and discussion
3.1. Physicochemical properties of activated carbon

3.1.1. SEM analysis. The SEM images of DSS and BDSS
materials are presented in Fig. 1. As observed, the surface
morphology of BDSS underwent signicant changes compared
to that of DSS. Specically, Fig. 1a shows that DSS exhibits
Fig. 1 SEM image of DSS (a), BDSS before adsorption (b) and after adso

Fig. 2 EDS spectra of DSS (a) and BDSS (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
a relatively smooth, coarse, and poorly porous surface. In
contrast, aer undergoing pyrolysis and hydrothermal treat-
ment (Fig. 1b), BDSS developed a highly porous structure
characterized by thin, wrinkled, and layered plate-like frag-
ments stacked irregularly. This morphological transformation
created numerous voids and cavities on the surface, suggesting
improved potential for adsorption applications.

This phenomenon can be explained by the material evolu-
tion during the pyrolysis stage, where the decomposition of
hemicellulose and cellulose led to the formation of a rigid
carbon framework with an initially heterogeneous network.
Simultaneously, the release of gases such as CO2 and H2O
during pyrolysis contributed to the initial pore formation within
the structure.

During the hydrothermal treatment under elevated pressure
and increased water temperature, the carbon structure
undergoes expansion and exfoliation, creating internal pores
without collapsing the overall framework. Simultaneously,
incompletely carbonized substances remaining from the
pyrolysis stage continue to hydrolyze and dissolve during the
hydrothermal process, further contributing to the enhanced
porosity of BDSS.

As illustrated in Fig. 1c, the surface of BDSS aer adsorption
becomes noticeably smoother. Many of the pores, cavities, and
surface grooves are partially or fully lled. The material also
shows thicker and broader fragments, and the structure
appears more agglomerated compared to the initial adsorbent.
rption MB (c).

RSC Adv., 2025, 15, 33726–33749 | 33731
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These morphological changes provide clear evidence that
methylene blue has been successfully adsorbed onto the BDSS
surface.

3.1.2. EDS analysis. The elemental composition of the
BDSS material, as determined by energy-dispersive X-ray spec-
troscopy (EDS), is presented in Fig. 2. The results indicate that
BDSS possesses a high carbon content, accounting for 81.81%
by weight and 87.10% by atomic percentage, while the oxygen
content is relatively low, with values of 14.16% by weight and
11.31% by atomic percentage. In addition to carbon and oxygen,
trace amounts of other elements such as Mg, Si, P, K, and Ca
were also detected, though their concentrations were minimal.

Comparatively, the carbon content of BDSS is signicantly
higher than that of the original DSS material (53.88% by
weight), while the oxygen content in BDSS is substantially lower
than that in DSS (44.53% by weight), as shown in Fig. 2a and b.

This shi in elemental composition can be attributed to the
pyrolysis and hydrothermal treatment processes, during which
a portion of oxygen was removed in the form of gaseous by-
products, and non-carbonaceous compounds were decom-
posed. As a result, the carbon content increased while the
oxygen content decreased in the nal material. These EDS
ndings suggest that BDSS, with its carbon-rich composition
and reduced oxygen functionality, holds considerable potential
as an efficient adsorbent for removing pollutants from aqueous
environments.
Fig. 3 FT-IR Spectra of BDSS before and after adsorption.

Table 1 FT-IR spectral analysis of BDSS31

Wavenumber
(cm−1) Functional groups Assignme

3620 –OH (hydroxyl) Stretching
on the car

1702 C]O (carbonyl) Stretching
1577 C]C (aromatic ring or double bond) Stretching
1383 Methyl (–CH3) Symmetri

carboxylat
1266 C–O (ester, ether, alcohol, phenol) Stretching
870 C–H Out-of-pla
<800 Oxides or

33732 | RSC Adv., 2025, 15, 33726–33749
3.1.3. FT-IR analysis of the studied material. The surface
functional groups of BDSS before and aer adsorption of MB
were analyzed using Fourier-transform infrared spectroscopy
(FT-IR). The FT-IR spectra and corresponding analysis are pre-
sented in Fig. 3 and Table 1. As shown, the FT-IR spectrum of
BDSS aer adsorption exhibited notable changes, including the
disappearance of some characteristic peaks and the emergence
of new absorption bands.

Before adsorption, the FTIR spectrum of DBSS exhibited
some characteristic absorption bands. Specically, a sharp peak
at almost 3620 cm−1 may be termed stretching vibrations of free
hydroxyl groups (–OH) or physically adsorbed water on the
material surface. The band at 1383 cm−1 may be most likely
associated with C–H group bending vibrations or the symmetric
stretching of carboxylate groups (–COO−). Also apparent was
a series of weaker absorption bands at other wavenumbers that
were indicative of the intrinsic characteristics of the original
DBSS material.

Aer MB adsorption, FTIR of DBSS revealed the appearance
of a new sharp peak at ca. 1577 cm−1, which is generally
assigned to C]C bond stretching modes of the aromatic rings
of the methylene blue molecule. The occurrence of the peak
unambiguously proves that MB molecules were, indeed,
adsorbed on the surface of the material. Simultaneously, there
was a minimal decrease in the intensity of the hydroxyl (–OH)
band at 3620 cm−1, which shows hydroxyl groups can be
engaged in the adsorption process via hydrogen bonding or
electrostatic interactions with MB.

The comparative examination of FTIR spectra prior to and
following adsorption showed minor wavenumber shis and
changes in the intensity of some peaks, suggesting that surface
functional groups of the DBSS material participated in the
adsorption process. These observations suggest that the
adsorption process of MB onto DBSS may be a synergy of
physical adsorption (based on hydrogen bonding and van der
Waals forces) and chemical adsorption (through specic inter-
action between active functional groups on the material surface
and the functional groups of MB).

The combined evidence from both the SEM images (Fig. 1c)
and the FT-IR spectra (Fig. 3) conrms the successful adsorp-
tion of methylene blue onto BDSS. In addition, the FT-IR and
EDS analyses consistently demonstrate that carbon and oxygen
are the primary elemental components of the BDSS material.
nt

vibration of free hydroxyl groups, possibly from surface hydroxyls
bon structure
vibration of carbonyl groups from carboxylic acids, esters, ketones etc.
vibration of aromatic rings or C]C double bonds

cal bending vibration or the symmetric stretching of
e groups (–COO−)
vibration
ne bending vibration in the aromatic ring
salts of K, Mg, Ca, P, Si

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD Diffraction Pattern of BDSS.
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3.1.4. X-ray diffraction (XRD) analysis. X-ray diffraction
(XRD) analysis was employed to investigate the crystalline
structure of the BDSS material. The XRD pattern, recorded over
a 2q range of 0° to 55°, is presented in Fig. 4. The diffraction
prole reveals distinct peaks at 2q = 23.98°, 36.63°, and 44.38°,
which conrm the presence of carbonaceous phases. The broad
diffraction bands observed in the pattern indicate a low degree
of crystallinity, characteristic of disordered carbon structures
typically formed during pyrolysis and hydrothermal treatment.

The broad diffraction peak at 2q = 23.98° corresponds to the
(002) plane of hexagonal carbon structures, as referenced by
JCPDS card no. 50-0926. The weaker peak at 2q = 36.63° is
attributed to the (105) plane of crystalline graphite (JCPDS card
no. 721-616). Additionally, the peak observed at 2q = 44.38° is
assigned to the 10 plane, which represents an overlap of the
(100) and (101) planes, commonly associated with micro-
graphitic layers that lack an ordered stacking arrangement.31

These ndings collectively indicate that the BDSS material
primarily exhibits amorphous carbon characteristics with some
degree of graphitization resulting from the combined pyrolysis
and hydrothermal processes.

3.1.5. Raman spectroscopy. The Raman spectrum of the
BDSS material exhibits three prominent characteristic peaks:
the D-band at 1350 cm−1, the G-band at 1620 cm−1, and the 2D-
band at 2717 cm−1, as shown in Fig. 5. These peaks are well-
known signatures associated with graphitic carbon structures.32
Fig. 5 Raman spectrum of BDSS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The D-band is typically linked to the vibrational modes of
carbon atoms within disordered or defect-rich regions,
commonly observed in amorphous graphite-like carbon. In
contrast, the G-band is associated with the in-plane stretching
vibrations of sp2-hybridized carbon atoms, indicative of more
ordered graphitic domains. The 2D-band (also referred to as the
G0 band) provides insight into the degree of crystallinity and
stacking order within the carbon material. In this study, the 2D-
band appears as a weak, broad feature, suggesting a low-
intensity signal and a relatively limited degree of graphitic
layer stacking.33

According to Wang et al. (2019),34 the intensity ratio of the D
and G bands (ID/IG) served as a reliable indicator of the degree of
graphitization in carbonaceous materials. As illustrated in
Fig. 5, the calculated ID/IG ratio was 0.89, which suggested that
the BDSS material possessed a moderately high degree of
graphitization.

3.1.6. BET surface area analysis. The nitrogen adsorption–
desorption isotherm of the BDSS material is presented in Fig. 6.
The obtained isotherm is classied as type IV with an H4
hysteresis loop, which is characteristic of mesoporous materials
where capillary condensation typically occurs. The presence of
an H4 hysteresis loop further suggests that the material
contains both micropores and mesopores.

The adsorption behavior observed in the relative pressure
range (P/P0) of 0.40 to 0.90 indicates the dominance of meso-
pores within the BDSS structure. Additionally, the sharp
increase in adsorption at P/P0 values greater than 0.90 corre-
sponds to the presence of macropores or larger pore channels.
These features collectively suggest that the BDSS material
predominantly possesses a mesoporous architecture.

BET surface area analysis revealed that the specic surface
area of BDSS is 441.71 m2 g−1, with a pore volume of 0.0735 cm3

g−1 and an average pore diameter of approximately 4.88 nm.
These ndings indicate that BDSS exhibits considerable
porosity and surface area, supporting its potential as an effec-
tive adsorbent for pollutant removal from aqueous
environments.
Fig. 6 Nitrogen adsorption–desorption isotherm curve of BDSS.
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Fig. 7 Determination of the point of zero charge (pHpzc) of BDSS.
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3.1.7. Point of zero charge (pHpzc). The point of zero charge
(pHpzc) of the BDSS material is presented in Fig. 7. Based on the
results, the pHpzc of BDSS was determined to be 6.47. This value
is consistent with the ndings reported by Ngabura et al.,35 who
observed a pHpzc of 6.5 for activated carbon synthesized from
durian shells. The pHpzc value indicates that the surface of BDSS
carries a positive charge when the solution pH is lower than
6.47, whereas the surface becomes negatively charged when the
solution pH exceeds this value. This surface charge behavior is
critical in inuencing the adsorption interactions between
BDSS and ionic species in aqueous environments.

3.1.8. Physical properties of the biochar. The key physical
properties of BDSS were determined and are summarized in
Table 2. The results indicate that the synthesized biochar
possesses low ash content, moderate moisture content, and low
bulk density, suggesting that BDSS is lightweight and porous.
These characteristics reect favorable physical attributes,
making BDSS a suitable candidate for use as an adsorbent in
water pollution treatment applications.

The iodine number, which represents the adsorption
capacity of porous materials, particularly activated carbon and
highly microporous adsorbents, is a critical parameter for
evaluating adsorbent performance. The iodine number of BDSS
was measured to be 589 mg g−1. This value falls within the
practical range for adsorbents used in environmental applica-
tions (500–1200mg g−1), conrming that BDSS possesses a well-
developed porous structure and exhibits good adsorption
potential (Table 2).
3.2. Effect of operational parameters

To ensure reproducibility, all adsorption experiments for
methylene blue (MB) using BDSS material were conducted in
triplicate under identical conditions. The reported results
represent the average values obtained from these three inde-
pendent experiments.
Table 2 Physical properties of BDSS

Physical properties BDSS

Ash content (%) 6.42 � 0.05
Moisture content (%) 4.94 � 0.05
Bulk density (g cm−3) 0.81 � 0.04
Iodine number (mg kg−1) 589 � 1

33734 | RSC Adv., 2025, 15, 33726–33749
3.2.1. Effect of pH. The procedure for investigating the
inuence of pH on the MB adsorption capacity of BDSS material
was performed as described in Section 2.4.1. The experimental
outcomes are illustrated in Fig. 8 and S2 (SI). The results indi-
cated that pH had a minimal effect on the adsorption efficiency
of MB. Specically, when the pH ranged from 3 to 10, the
adsorption efficiency varied only slightly, from 90.90% to
94.18%. This observation can be explained by the nature of MB,
which is a cationic dye that predominantly exists as positively
charged ions (MB+) across a wide pH range. Within both acidic
and alkaline environments, MB retains its molecular structure
and charge state, rendering its adsorption less sensitive to pH
variations compared to anionic or amphoteric adsorbates.

Moreover, FT-IR spectral analysis conrmed that BDSS was
abundant with hydroxyl (–OH), carboxylate (–COO−), and
carbonyl (C]O) functional groups. These functional groups
were susceptible to protonation and deprotonation depending
on the pH of the solution. In addition, the porous structure and
high surface activity of BDSS assist in maintaining a high
adsorption affinity towards MB. It is also likely that the strong
hydrophobic interactions between MB and BDSS are the major
contributors, which is a common mechanism of the physical
adsorption of organic molecules on the surface of the
adsorbent.36

Besides, MB adsorption by BDSS is regulated by over one
mechanism, not merely electrostatic forces, but also p–p

stacking interaction between the conjugated C]C and N]C
bonds of the aromatic rings of the MBmolecules.37 Based on the
data presented in Fig. 2, and 14 and the point of zero charge
(pHpzc) of BDSS, calculated to be 6.47 (Fig. 7), pH 7 was used as
the optimal condition for MB adsorption onto BDSS.

This nding is consistent with that of Nurul Syuhada Sulai-
man et al.,38 who had analyzed the adsorption of MB onto bi-
ochar derived from cassava stems. In their study, the adsorption
efficiency remained high (93.57% to 99.82%) across the pH
range of 3–10. Similarly, Jinlong Wang et al.39 observed that MB
adsorption onto coal-based activated carbon reached
a maximum efficiency of 96.4% at pH 6 and remained stable at
higher pH values. The results also align with those of Bud-
dhabhushan Salunkhe,40 who investigated the adsorption of MB
onto a superabsorbent hydrogel based on sodium styrene
sulfonate (NaSS) monomer. In that study, MB adsorption
Fig. 8 The dependence of adsorption efficiency (H (%)) on pH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Effect of adsorbent dosage on adsorption efficiency (H%).
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efficiency was consistently around 99% at various pH levels,
except at pH 1, where the efficiency decreased to 87%.

3.2.2. Adsorption equilibrium time. The adsorption
process is a dynamic equilibrium, where the adsorbate mole-
cules require a certain period to reach adsorption equilibrium.
If the contact time is too short, incomplete adsorption may
occur, whereas an excessively long contact time could lead to
desorption and unnecessary time consumption. Therefore, the
equilibrium time is an essential factor and was investigated
following the pH study.

The experimental procedure for evaluating the effect of
contact time on the adsorption capacity of the studied material
for MB was carried out as described in Section 2.4.2. The time-
dependent adsorption results are presented in Fig. 9 and S3 (see
SI). The results presented in Fig. 9 and S3 indicate that during
the initial 60 minutes, the adsorption process occurred rapidly.
This can be explained by the fact that, in this period, MB
molecules begin to leave the solution phase, diffuse toward the
solid–liquid interface, and bind to the active sites available on
the external surface of the adsorbent. The rapid adsorption
observed in this stage is primarily due to the abundance of
accessible active sites for binding.41 In the contact time range
from 60 to 210 minutes, the adsorption process proceeded at
a much slower rate, and the adsorption efficiency remained
nearly constant, indicating that equilibrium had been reached.
This phenomenon can be attributed to the gradual reduction in
the number of available active sites. As these sites became
increasingly occupied by previously adsorbed MB molecules, it
became more difficult for additional MB molecules to access
and bind to the remaining sites due to steric hindrance.42

Therefore, a contact time of 60 minutes was selected as the
optimal adsorption time for MB onto BDSS.

3.2.3. Effect of adsorbent dosage. The effect of adsorbent
dosage was investigated. The results of the investigation of
adsorbent dosage are presented in Fig. 10 and S4 (SI). As shown
in Fig. 10, the adsorption efficiency of MB increased with the
rising mass of BDSS.

However, when the adsorbent dosage was increased from
0.05 g to 0.125 g, the improvement in adsorption efficiency was
Fig. 9 Effect of contact time on adsorption efficiency (H%).

© 2025 The Author(s). Published by the Royal Society of Chemistry
marginal, rising only from 90.09% to 95.73%. Based on this
observation, an optimal adsorbent dosage of 0.05 g per 20 mL
solution, equivalent to 25 g L−1, was selected for subsequent
experiments. The enhancement in MB removal with increasing
BDSS dosage can be attributed to the greater availability of
active binding sites on the adsorbent surface, which facilitates
the adsorption process.43

3.2.4. Effect of temperature. The experimental procedure
used to investigate the effect of temperature on the adsorption
capacity of BDSS for methylene blue (MB) was conducted as
described in Section 2.4.3. The results are presented in Fig. 11
and S5.

The results presented in Fig. 11 and S5 show that the
adsorption efficiency increased with rising temperature, indi-
cating that the adsorption process is endothermic in nature.44

This suggests that the adsorption of MB onto BDSS is governed
by relatively strong physical interactions, such as hydrogen
bonding, along with chemical interactions. On the heteroge-
neous surface of BDSS, some adsorption sites possess higher
activation energies and become more effective at elevated
temperatures.

As shown in Fig. 11, when the temperature increased from
313 K to 323 K, the improvement in adsorption efficiency was
not substantial. This may be attributed to the increased solu-
bility of MB at higher temperatures, which enhances the inter-
action between MB molecules and the solvent (H2O).45
Fig. 11 Temperature dependence of adsorption efficiency (H%).
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Consequently, MB molecules become more stabilized in the
solution phase, making them less prone to adsorption, despite
the increased collision frequency at higher temperatures.46

These ndings are consistent with previous studies,
including the adsorption of MB onto H2SO4 (0.1 M)-activated
biochar derived from durian shells,11 nitrogen-rich carbon
materials synthesized by co-polymerizing sucrose and urea and
subsequently activated with KOH and H3PO4,47 as well as KOH-
modied biochar prepared from ball-milled bamboo powder
pyrolyzed at various temperatures.48

3.2.5. Effect of initial MB concentration. The inuence of
the initial concentration of methylene blue (MB) on the
adsorption capacity of the BDSS material was investigated as
described in Section 2.4.4. The experimental results are pre-
sented in Fig. 12 and S6 (SI). These gures demonstrate the
impact of initial MB concentration on adsorption efficiency. As
the initial concentration of MB increases, the adsorption effi-
ciency tends to decrease. This phenomenon can be attributed to
the xed number of available active sites on the adsorbent
surface, while the number of MBmolecules competing for these
sites increases with higher initial concentrations. Conse-
quently, a larger proportion of MB molecules remain
unadsorbed.46
Fig. 12 The relationship between adsorption efficiency (H%) and the
initial concentration of MB.

Fig. 13 Mean squared error (MSE) of ANN models as a function of the n

33736 | RSC Adv., 2025, 15, 33726–33749
3.2.6. ANN-based simulation of methylene blue adsorption
onto durian-derived activated carbon. The dataset was
randomly divided into three subsets: 70% for training, 15% for
validation, and 15% for testing. The training data was used to t
the network, the validation data was employed to optimize
network performance and avoid overtting, and the test data
was used to evaluate the generalization capability of the nal
model. The hyperbolic tangent sigmoid function (tansig) was
used as the activation function in the hidden layer, while
a linear transfer function (purelin) was adopted in the output
layer to enable continuous output prediction. Fig. 13 depicts the
shi in mean squared error (MSE) values against different
numbers of hidden layer neurons in the ANN model (from 5 to
20). It is not observed to be monotonic but is found to shi
dramatically, indicating the sensitivity of model performance to
network structure. Interestingly, sudden peaks in MSE are
observed at the 8 and 15 neuron values, suggesting overtting or
non-optimal network structures at these levels. On the other
hand, deeper minima in MSE are observed at 11, 14, and 18
neurons, identied by red dashed circles. These network
structures had the lowest MSE values and suggest that they
provided a better trade-off between the complexity of the
network and its capacity to generalize.

Fig. 14 shows with residual plots of the 11 (A), 14 (B), and 18
(C) hidden-layer-neuron ANN models, providing additional
diagnostic information to select the number of neurons. Each
plot shows the scatter plot of residuals, i.e., calculated minus
experimental values, against the model's predicted output.
Residuals should ideally be randomly distributed around zero
with no systematic trend, indicating the model to be a good t
to the data's underlying structure without bias. As shown, the
11-neuron model (A) has a more compact and even distribution
of residuals around zero, suggesting better homoscedasticity as
well as less systematic bias. Residuals in the 14 (B) and 18 (C)
neuron models (Fig. 14) display wider spreading and more
outliers, suggesting reduced predictive accuracy and possible
overtting. Although k-fold cross-validation was not employed,
the model was trained using a 70-15-15 split of training, vali-
dation, and test sets, and overtting was mitigated by
umber of neurons in the hidden layer, from 5 to 20.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Residual plots for ANN models with (A) 11 neurons, (B) 14 neurons, and (C) 18 neurons in the hidden layer.
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monitoring validation error during training. Moreover, the
coefficient of determination (R2) was used to validate the
selection of the neuron numbers. R2 values were calculated
using the following equation:

R2 ¼ 1�
PN
i

�
yexp;i � yprd;i

�2
PN
i

�
yexp;i � yexp;m

�2 (13)

The calculation shows that R2 values are 0.986, 0.971, and
0.982 for neuron numbers of 11, 14, and 18, respectively. These
are consistent with and coupled with the MSE analysis, indi-
cating the optimal neuron number in the hidden layer.

Fig. 15 illustrates the articial neural network (ANN) model
created to model the adsorption of methylene blue on activated
carbon derived from durian waste. The three-layered network
consists of an input layer, a hidden layer, and an output layer.
Five neurons in the input layer are assigned to each indepen-
dent factor: pH, contact time, dosage of the adsorbent, solution
temperature, and initial dye concentration. These input
parameters are linked to a single fully hidden layer consisting of
Fig. 15 Schematic of the feedforward ANN architecture comprising fiv
hidden layer with 11 neurons, and a single output neuron representing M

© 2025 The Author(s). Published by the Royal Society of Chemistry
11 neurons, as identied in performance maximization with
MSE and residual analysis. The hidden neurons are linked to an
output layer with a single neuron giving the predicted MB
removal efficiency. The fully connected feedforward architec-
ture permits the ANN to identify highly nonlinear interaction
among input variables and therefore is optimum for adsorption
system modeling.

Fig. 16 presents regression analysis of experimental and
predicted values for training, validation, and test subsets, and
the whole dataset, to conrm the predictive accuracy of the
optimized ANN model. The R values were 0.9932, 0.9912, and
0.9955 for training, validation, and test sets, respectively, which
reect very good agreement between target values and network
output in all phases. The overall R value of 0.9929 also speaks to
the strength of the model's generalization performance. Addi-
tionally, linear regression ts (colored lines) track very closely
the ideal Y= T line (dashed gray), again speaking to the strength
of the ANN in extracting the inherent nonlinear patterns of the
adsorption process. The very small deviations from the ideal t
speak to low bias and high predictive homogeneity in all
partitions. These results verify that the ANN model is an
extremely accurate and effective instrument for predicting
e input neurons (pH, time, dosage, temperature, concentration), one
B removal efficiency.
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Fig. 16 Regression plots for the ANNmodel performance on training, validation, testing, and overall datasets. The high correlation coefficients (R
> 0.99) across all phases indicate excellent agreement between predicted and experimental values, confirming the robustness and predictive
accuracy of the model.
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methylene blue adsorption performance under various experi-
mental conditions.

In addition to its prediction capability, the ANN model also
gives relative importance (RI), or the ability to ascertain the
relative contribution of each input variable to the output. This
may be extremely helpful in complex adsorption systems where
many factors are nonlinearly interacting. Through observation
of the internal weight structure of the network, the ANN can
provide quantitative information regarding the strength with
which each of the input parameters (e.g., pH, contact time,
dosage, temperature, and initial concentration) contributes to
the prediction of the target variable, such as adsorption capacity
or removal efficiency. This allows the researcher to decide upon
the most signicant operating parameters, order the process
optimization strategies, and achieve mechanistic insight into
the system behavior.

Garson's method was applied to measure the relative
importance (RI) of each input variable based on the internal
weights of the trained articial neural network (ANN). The
method involves decomposing the input layer to hidden layer
connection weights and the hidden layer to output layer
connection weights. For each input neuron, the absolute
33738 | RSC Adv., 2025, 15, 33726–33749
product values of its weights to all the hidden neurons and the
respective weights of those hidden neurons to the output are
calculated. These are summed over all the hidden neurons to
yield the total contribution of that input to the output. The RI of
each input is then calculated by comparing its contribution to
the sum of all contributions from the inputs and expressing it as
a percentage. Mathematically, for input neuron i, the RI is
calculated as

RIi ¼

PN
j¼1

��wijvj
��

PM
i¼1

PN
j¼1

��wijvj
��� 100 (14)

where wij is the weight from input neuron I to hidden neuron j,
vj is the weight from hidden neuron j to the output neuron,M is
the number of input neurons, and N is the number of hidden
neurons. This method allows for the derivation of under-
standable insight from the ANN model via the quantication of
the inuence of each input parameter on the predicted
output.

Fig. 17 indicates the relative signicance of each input
variable inuencing methylene blue removal as determined by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Relative importance of input variables affecting methylene
blue removal, calculated using Garson's algorithm.

Fig. 18 Langmuir adsorption isotherm.

Fig. 19 The relationship between Ccb/q and Ccb.
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Garson's algorithm from the trained articial neural network
model. Among the ve input parameters, the initial MB
concentration had the greatest RI of 35.52%, indicating that it
was the most signicant factor in determining adsorption
effectiveness. Temperature, dosage, and contact time showed
comparatively smaller contributions of 19.63%, 19.08%, and
15.35%, respectively, marking their secondary but distinctive
inuence on the adsorption process. On the other hand, pH
revealed the lowest RI (10.42%), suggesting that it was the least
inuential parameter of the experimental range being studied.
These quantitative variable signicance results are a valuable
basis for process optimization and further underscore the
interpretability benets of using ANN modeling to model
adsorption systems.

3.3. Adsorption isotherm models

3.3.1. Langmuir isotherm model. Adsorption isotherm
analysis plays a crucial role in both experimental design and the
development of effective adsorbent materials. In this study, the
experimental data were evaluated using the Langmuir isotherm
model, which is a classical and straightforward approach for
describing the equilibrium between adsorbed ions on the solid
surface and ions remaining in solution at a constant tempera-
ture. The corresponding results are presented in Fig. 18 and 19.

From Fig. 18 and 19, the maximum adsorption capacity was
determined to be qmax = 136.99 mg g−1, with the Langmuir
constant b = 0.046 L g−1. The adsorption of methylene blue
(MB) onto BDSS was found to t the Langmuir model well, as
evidenced by the high correlation coefficient (R2 = 0.9908).

A comparison of the maximum adsorption capacities of MB
on biochars derived from agricultural wastes (Table 3) shows
that the maximum adsorption capacity (qmax) of BDSS is rela-
tively high. Remarkably, it is even higher than that of activated
carbon prepared from durian shell pyrolyzed at 600 °C for 2 h
and subsequently activated with 0.1 M H2SO4 for 24 h.11

To assess whether MB adsorption onto BDSS follows
a monolayer adsorption process as described by the Langmuir
isotherm, the equilibrium parameter (RL) was evaluated. This
parameter is calculated using the following expression:

RL ¼ 1

1þ bC0

(15)
© 2025 The Author(s). Published by the Royal Society of Chemistry
where C0 is the initial dye concentration (mg L−1) and b is the
Langmuir constant (L mg−1).

Based on the calculated RL values shown in Fig. 20, which
range from 0.042 to 0.303 (all less than 1), it can be concluded
that the Langmuir isotherm model provides a good description
of MB adsorption onto BDSS. The adsorption process involves
both physical and chemical interactions, occurring predomi-
nantly as monolayer adsorption on a homogeneous surface,
where each adsorption site accommodates a single molecule
and no signicant interactions exist between the adsorbed
species.

3.3.2. Freundlich adsorption isotherm model. From the
experimental results obtained by investigating the effect of
RSC Adv., 2025, 15, 33726–33749 | 33739

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05313g


Table 3 Maximum adsorption capacity (qmax) of BDSS and other materials

No. Adsorbent material Adsorption capacity (mg g−1) References

1 Biochar from Mimosa pigra 20.18 49
2 Biochar from elephant dung 34.36 50
3 Biochar from sugarcane bagasse 182.23 51
4 Biochar from rice straw 119.25 52

Biochar from walnut shell 85.92 52
5 Biochar from durian shell 57.47 11
6 Biochar derived from coconut husk treated with H2SO4 88.18 53

Biochar derived from coconut husk treated with H3PO4 92.68
7 Biochar derived from eucalyptus leaves treated with H3PO4 52.18 54
8 Biochar derived from lathyrus sativus husk 98.33 55

BDSS 136.99 This study

Fig. 20 Dependence of the equilibrium parameter RL on the initial
concentration C0.
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initial MB concentration on the adsorption capacity of the
adsorbent, the equilibrium data were further analyzed using the
Freundlich isotherm model. The results are presented in
Fig. 21 Relationship between ln q and lnCcb.

33740 | RSC Adv., 2025, 15, 33726–33749
Fig. 21. The Freundlich adsorption constant was determined as
KF = 16.6 (L g−1) with an exponent of n = 2.47, and a high
correlation coefficient (R2= 0.9875) (Fig. 21). The relatively large
values of KF and n indicate the strong adsorption capacity of
BDSS and conrm the presence of specic interactions between
BDSS andMBmolecules. Adsorption occurs on a heterogeneous
surface, involving multilayer adsorption without restriction on
the number of available sites. The process involves both phys-
ical and chemical adsorption mechanisms.

The adsorption of MB on BDSS was found to conform to both
the Langmuir and the Freundlich isotherm models. This
behavior can be attributed to the hybrid microstructure of
BDSS, which contains well-ordered graphitic domains that
enable p–p stacking interactions alongside amorphous regions
with structural defects. The low crystallinity observed in the
XRD pattern and the Raman ID/IG ratio of approximately 0.89
provide clear evidence for the coexistence of these two struc-
tural features within BDSS.

3.3.3. Dubinin–Radushkevich isotherm model. The results
are presented in Fig. 22. As shown, the correlation coefficient
obtained from the Dubinin–Radushkevich isotherm model was
relatively low (R2 = 0.6715). This indicates that the Dubinin–
Radushkevich model does not adequately describe the adsorp-
tion of MB onto BDSS.
Fig. 22 The relationship between ln qcb and 32.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 The relationship between qcb and lnCcb.

Fig. 25 The relationship between q and lnCcb.

Table 4 Adsorption isotherm constants for the Langmuir, Freundlich,
Dubinin–Radushkevich, Temkin, Elovich, and Halsey models
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3.3.4. Temkin isotherm model. The Temkin adsorption
isotherm, which is based on the assumption that the heat of
adsorption decreases linearly with coverage due to adsorbate–
adsorbent interactions (Temkin and Pyzhev, 1940), was also
applied in this study. The results are presented in Fig. 23.

From the results shown in Fig. 23, the determination coef-
cient (R2 = 0.9589) indicates a good t of the Temkin isotherm
model. The calculated adsorption heat was bT = 107.10 J mol−1

(25.59 cal mol−1). According to Ettish et al.,56 physical adsorp-
tion is characterized by adsorption heat values lower than
1.0 kcal mol−1, while chemical adsorption typically occurs in
the range of 20–50 kcal mol−1. When the adsorption heat lies
between 1 and 20 kcal mol−1, both physical and chemical
adsorption processes may contribute. Since the adsorption heat
of BDSS for MB was well below 1.0 kcal mol−1, the adsorption
process can be classied as physical adsorption, conrming
that MB adsorption onto BDSS is consistent with the Temkin
isotherm model.

3.3.5. Elovich isotherm model. The plot of ln(qcb/Ccb)
versus qcb is presented in Fig. 24. From this plot, the maximum
adsorption capacity was determined as qmax = 40.16 mg g−1,
with Ke = 1.07, and a correlation coefficient of R2 = 0.9653.
Fig. 24 Relationship between ln (qcb/Ccb) and q.

© 2025 The Author(s). Published by the Royal Society of Chemistry
These results indicate that the adsorption of MB onto BDSS is
well described by the Elovich isotherm model, suggesting
a chemisorption process on a heterogeneous surface, where the
adsorption energy varies with surface coverage.

3.3.6. Halsey isotherm model. The plot of qe versus qe is
presented in Fig. 25. The Halsey isotherm model yielded
a correlation coefficient of R2 = 0.9589, indicating that the
adsorption of MB onto BDSS is well described by this model.
This suggests that the process occurs predominantly as multi-
layer adsorption on a heterogeneous surface and is governed by
physical interactions.57

From the results presented in Table 4, the determination
coefficients (R2) of the Langmuir, Freundlich, Dubinin–
Radushkevich, Temkin, Elovich, and Halsey isotherm models
were found to be 0.9908, 0.9875, 0.6715, 0.9589, 0.9673, and
0.9589, respectively. These values indicate that the adsorption
of MB onto BDSS is well described by the Langmuir, Freundlich,
Isotherm model Constant values

Langmuir KL (L mg−1) 0.0978
qmax (mg g−1) 136.99
R2 0.9908

Freundlich KF (mg g−1) (mg L−1)1/n 16.6
N 2.47
R2 0.9875

Dubinin–Radushkevich qmax (mg g−1) 78.49
b (mol2 J−2) 1.1475
R2 0.6715
E (kJ mol−1) 0.66

Tempkin KT (L.mol) 1.169
bT (J mol−1) 107.10
R2 0.9589

Elovich qmax (mg g−1) 40.16
Ke 1.07
R2 0.9673

Halsey KH (L g−1) −0.043
nH 1.169
R2 0.9589

RSC Adv., 2025, 15, 33726–33749 | 33741
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Table 5 Parameters obtained from the PFO model

MB concentration (mg L−1) qt,exp, experimental (mg g−1) qt,cal, calculated (mg g−1) Rate constant k1 (min−1) R2

48.65 19.168 1.170 0.02645 0.84299
78.18 29.960 2.020 0.01291 0.67063
106.18 40.276 5.790 0.02164 0.99859
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Elovich, Temkin, and Halsey models, but not by the Dubinin–
Radushkevich model.

Overall, the isotherm analysis demonstrates that MB
adsorption onto BDSS involves both monolayer and multilayer
adsorption, occurring on homogeneous and heterogeneous
surface sites. The process is governed by a combination of
physical and chemical adsorption mechanisms.
Fig. 27 Pseudo-second-order (PSO) kinetic plots for MB adsorption.
3.4. Adsorption kinetics

The calculated results based on the PFO model are presented in
Table 5 and Fig. 26. Based on the PFO model parameters pre-
sented in Table 5 and the kinetic plots in Fig. 26, the correlation
coefficients (R2) range from 0.67063 to 0.99859. Additionally,
the equilibrium adsorption capacities calculated from the PFO
kinetic model noticeably differ from the experimental values.
These results indicate that the PFO model does not adequately
describe the adsorption process of MB onto the BDSS material.

As shown in Fig. 27 and Table 6, the equilibrium adsorption
capacities calculated from the PSO model closely match the
experimental values, and the correlation coefficients (R2) are
approximately equal to 1. These results indicate that the PSO
model provides a good t for the adsorption of MB onto the
BDSS material. The average pseudo-second-order rate constant
was determined to be 0.0662 min−1 L mg−1.

The adsorption process following pseudo-second-order
kinetics typically proceeds in two stages. In the rst stage,
external diffusion occurs, during which MB molecules migrate
from the bulk solution to the surface of the BDSS adsorbent. In
the second stage, MB molecules attach and adsorb onto the
active sites on the BDSS surface. This stage represents the rate-
Fig. 26 Pseudo-first-order (PFO) kinetic plots for MB adsorption.

33742 | RSC Adv., 2025, 15, 33726–33749
limiting step of the adsorption process. This behavior suggests
that the adsorption of MB onto BDSS is predominantly gov-
erned by a chemisorption mechanism.

The Elovich kinetic model is commonly applied to describe
chemisorption processes on heterogeneous solid surfaces. This
model is particularly appropriate in cases where the adsorption
rate decreases over time due to surface coverage by previously
adsorbed molecules. As illustrated in Fig. 28, the correlation
coefficients (R2) obtained from the Elovichmodel were relatively
low, ranging from 0.5360 to 0.5692. These results indicated that
the adsorption kinetics of MB onto the BDSS material did not
follow the Elovich model.

The intraparticle diffusion model proposed by Weber and
Morris, illustrated in Fig. 29, shows that the plot of qt versus t

0.5

is divided into two distinct linear regions. This indicates that
the adsorption rate is controlled by multiple steps rather than
solely by intraparticle diffusion. Intraparticle diffusion is typi-
cally inuenced by pore size and the pore structure of the
adsorbent. The rst region exhibits a steeper slope, represent-
ing the initial stage where the adsorbate is rapidly transferred
from the bulk solution to the external surface and then into the
pores of the adsorbent, where adsorption occurs at the active
sites. The second region corresponds to the equilibrium stage,
during which intraparticle diffusion slows down and gradually
reaches equilibrium due to the reduced concentration of MB in
the solution.

Moreover, the fact that the linear plots in the rst region do
not pass through the origin suggests that intraparticle diffusion
is not the sole rate-limiting step in the adsorption process.58

Based on the analyses in Fig. 29, the adsorption mechanism of
MB on BDSS can be conrmed as a multistep process: initially
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Kinetic parameters derived from the pseudo-second-order (PSO) model

MB concentration (mg L−1) qt,exp, experimental (mg g−1) qt,cal, calculated (mg g−1) Rate constant k2 (phút
−1 L mg−1) R2

48.65 19.168 19.238 0.0646 0.9999
78.18 29.960 30.010 0.0690 1.000
106.18 40.276 40.290 0.0650 1.000

Fig. 28 The relationship between qt and ln(t).

Fig. 29 The relationship between qt and t0.5.

Fig. 30 The relationship between ln(1 − F) and time.

Table 7 Activation energy parameters for MB adsorption

MB concentration (mg L−1) Activation energy (E) (kJ mol−1)

48.65 14.65
78.18 16.84
106.18 18.32
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governed by lm diffusion, followed by intraparticle diffusion,
and ultimately controlled by chemisorption.59

Fig. 30 presents the plot of ln(1 − F) as a function of time,
which exhibits a linear trend. This indicates that lm diffusion
is one of the rate-controlling steps in the adsorption process.
Film diffusion is typically inuenced by the thickness of the
boundary layer and the diffusion rate of the adsorbate. It is
suggested that the boundary layer surrounding the MB mole-
cules is relatively thick, which hinders the transfer of MB from
the liquid phase to the surface of the BDSS adsorbent.

The overall kinetic analysis suggests that the adsorption of
MB onto BDSS follows a pseudo-second-order kinetic model
and is governed by a combination of intraparticle diffusion,
external diffusion, and chemisorption mechanisms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5. Thermodynamic analysis

3.5.1. Activation energy. The calculated activation energy
and the results are presented in Table 7. The results in Table 7
showed that all activation energy (E) values were less than
25 kJ mol−1, indicating that the adsorption of MB onto BDSS
was primarily governed by physical adsorption. In this type of
process, van der Waals forces are the dominant interactions. As
the initial MB concentration increased from 48.65 to
106.18 mg L−1, the activation energy also increased from 14.65
to 18.32 kJ mol−1. This trend suggests that higher concentra-
tions of MB make the adsorption process more challenging,
likely due to increased competition for active sites, which in
turn leads to a reduction in adsorption efficiency. These nd-
ings are consistent with the earlier results regarding the effect of
initial concentration on the adsorption behavior.60,61

3.5.2. Adsorption thermodynamics. The thermodynamic
parameters for the adsorption of MB onto BDSS were calculated,
and the results are presented in Fig. 31 and Table 8.

The thermodynamic parameters summarized in Table 8
revealed that DG° values were negative, indicating that the
adsorption of MB onto BDSS was a spontaneous process.
Moreover, as the temperature increased from 303 K to 323 K, the
DG° values became more negative, decreasing from −2.27 to
RSC Adv., 2025, 15, 33726–33749 | 33743
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Fig. 31 Plot of ln KD versus 1/T.

Table 8 Thermodynamic parameters associated with the adsorption
of MB onto BDSS

T (K) DG° (kJ mol−1) DH° (kJ mol−1) DS° (kJ mol−1 K)

303 −2.27 68.70 0.234
313 −4.71
323 −6.95
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−6.95 kJ mol−1. This suggests that the adsorption becomes
increasingly favorable at higher temperatures. In addition, the
positive DS° value (0.234 kJ mol−1 K) further supports the
spontaneity of the process and implies an increase in
randomness at the solid–liquid interface during adsorption.

The positive value of the enthalpy change (DH° > 0) indicates
that the adsorption of MB on BDSS is endothermic in nature
and is favored at high temperatures. Foo and Hameed,58 stated
that when DH° is less than 25 kJ mol−1, van der Waals forces are
mostly dominant, and the process is a physical adsorption. But
between 40–200 kJ mol−1, the chemisorption mechanism
dominates. For this study, the calculated DH° value of
68.70 kJ mol−1 shows that adsorption of MB on BDSS takes
place predominantly by a chemisorption mechanism.

This nding is in accordance with the ndings of the
isotherm and kinetic analyses, which indicated that the
adsorption of MB onto BDSS obeys the Langmuir, Freundlich,
Temkin, Elovich, and Halsey isotherm models, and the pseudo-
second-order kinetic model. Chemisorption is typically marked
by electron transfer or sharing between adsorbate molecules
and active sites on the adsorbent surface,62 but it may also be
induced by moderate physical interactions associated with
chemical affinity. Furthermore, the calculated enthalpy change
is in agreement with the temperature effects found on adsorp-
tion performance, which reinforces the nding of the process
being thermodynamically viable at high temperatures.

A positive value of DS° indicated that the adsorption of MB
onto BDSS was spontaneous and thermodynamically favor-
able.63 This can be due to the replacement of water molecules
that initially surrounded the MB+ cations. As the MB+ ions
33744 | RSC Adv., 2025, 15, 33726–33749
began to interact with the active sites on the adsorbent surface,
these water molecules were released into the bulk solution,
where their freedom of movement increased. This release
resulted in an increase in the entropy of the system aer
adsorption and hence the positive entropy change.

However, the relatively small magnitude of DS° suggested
that the adsorption of MB onto BDSS did not occur solely
through physical adsorption mechanisms.64 In other words, the
process likely involved a combination of both physical and
chemical adsorption. This was further supported by the
observed increase in adsorption efficiency with rising temper-
ature, characteristic of an endothermic process. Typically, as
temperature increases, physical interactions such as van der
Waals forces tend to weaken due to the greater molecular
kinetic energy, which would reduce the effectiveness of purely
physical adsorption. Therefore, if chemical interactions had not
been present, the adsorption efficiency would have been ex-
pected to decrease at higher temperatures.46 These ndings
were consistent with the conclusions drawn from the adsorp-
tion isotherm models presented in Section 2.5.
3.6. Proposed adsorption mechanism

The BDSS material possesses an average pore diameter of
4.77 nm, which allows MB molecules to readily access the
internal porous structure. Based on the kinetic analysis, the
adsorption mechanism of MB onto BDSS can be conceptualized
as a process involving both intraparticle and external diffusion
(pore lling), which proceeds through four key steps, as illus-
trated in Fig. 32a: initially, MB molecules migrate from the
liquid phase to the interface between the solid phase (BDSS)
and the liquid phase. Subsequently, MB molecules approach
and adhere to the solid–liquid interface of the BDSS surface.65

In the third step, MB molecules are transported from the
external surface of BDSS to the internal active sites within the
porous structure. Finally, MBmolecules diffuse into the interior
of BDSS particles, reaching the internal adsorption sites.
Simultaneously, chemical interactions may occur between the
positively charged MB+ ions and the BDSS surface.65

From the results of the pH effect studies, FT-IR analysis, and
the known chemical characteristics of MB (a cationic dye con-
taining positively charged nitrogen (N) or sulfur (S) atoms),65 the
following four adsorption mechanisms are proposed for the
interaction between MB and BDSS, as illustrated in Fig. 32b:
electrostatic interaction (Mechanism I); hydrogen bonding
(Mechanism II); electron donor–acceptor interaction (Mecha-
nism III); p–p interaction (Mechanism IV).

As noted by Vargas et al. (2011),66 the presence of surface
functional groups plays a crucial role in the adsorption of MB.
Specically, the electrostatic interaction (Mechanism I) can be
explained by the attraction between the positively charged
nitrogen (N+) in the MB molecule and the negatively charged
carboxylate ions (–COO−) present on the BDSS surface, as
conrmed by FT-IR analysis and illustrated in Fig. 32b (I).

Mechanism II, hydrogen bonding, is commonly observed in
most adsorption systems.48 The formation of hydrogen bonds
on the BDSS surface aer adsorption was conrmed by FT-IR
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Proposed schematic illustration: (a) adsorption mechanism of MB molecules via intraparticle diffusion and external diffusion; (b)
interaction mechanism between MB and BDSS.67
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analysis. Specically, hydrogen bonding occurs between the
hydrogen atoms of hydroxyl (–OH) groups on the BDSS surface
and the nitrogen atoms in the MB molecule, as illustrated in
Fig. 32b (II).

Mechanism III involves electron donor–acceptor interac-
tions, where the carbonyl (C]O) functional groups on the BDSS
surface act as electron donors, while the aromatic rings in MB
molecules serve as electron acceptors, as shown in Fig. 32b (III).
The disappearance of the characteristic FT-IR band at
1794.84 cm−1, corresponding to the C]O group aer adsorp-
tion, further supports this mechanism. These electron donor–
acceptor interactions may also lead to the decolorization of MB,
converting the dye into its colorless leucomethylene form.68

Since MB also contains an aromatic structure, Mechanism IV
is proposed to occur through p–p interactions between the
benzene rings of MB and the sp2-hybridized graphite-like
carbon network in BDSS, as depicted in Fig. 32b (IV). This
mechanism is supported by the disappearance of the FT-IR
band at 1474.64 cm−1, which corresponds to the C]C stretch-
ing vibration, aer adsorption. The pH effect studies on the
adsorption of MB by BDSS further conrm the presence of p–p
interactions, as the adsorption efficiency was found to be rela-
tively insensitive to pH variations.48
© 2025 The Author(s). Published by the Royal Society of Chemistry
The relative contribution of these mechanisms is not xed
but depends on factors such as pH, the degree of aromaticity
(sp2) of BDSS, surface oxidation, and the ionic strength of the
solution. A commonly observed order of dominance is: (I)
electrostatic interactionsz (IV) p–p interactions > (III) electron
donor–acceptor interactions > (II) hydrogen bonding.69
3.7. Material reusability

The obtained results were compared to the initial adsorption
performance of fresh BDSS under the same experimental
conditions. As shown in Fig. 33, the BDSS material retained
a signicant level of adsorption efficiency aer three consecu-
tive reuse cycles. Specically, the adsorption efficiency for MB
remained at 84.9% aer the rst reuse, decreased to 72.9% aer
the second reuse, and further declined to 53.7% aer the third
cycle. Although a gradual reduction in adsorption efficiency was
observed with each reuse, the material still demonstrated
considerable adsorption capacity.

These ndings suggest that BDSS has promising reusability
potential for wastewater treatment applications, offering the
advantage of reducing both operational costs and environ-
mental impacts compared to the use of single-use adsorbents.
RSC Adv., 2025, 15, 33726–33749 | 33745
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Fig. 33 Reusability performance of BDSS material.
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3.8. Disposal and reuse of spent adsorbent

The practical application of adsorbents requires not only high
adsorption efficiency but also environmentally responsible
post-treatment of the spent material. For the MB-loaded durian
peel–seed biochar, several strategies may be considered. First,
thermal regeneration (mild pyrolysis or controlled combustion)
can desorb MB and restore partial adsorption capacity while
also recovering energy. Second, chemical or solvent regenera-
tion (e.g., using dilute acids, bases, or ethanol) may enable
multiple reuse cycles, reducing overall material consumption.
Third, immobilization or incorporation into construction
materials (e.g., bricks, cement composites) offers a safe disposal
route by xing the dye within a stable matrix. These strategies
minimize the risk of secondary contamination and extend the
sustainability of the adsorbent. Future work will focus on eval-
uating regeneration efficiency and the environmental footprint
of disposal pathways to ensure circular utilization of this
biochar.
4. Conclusion

BDSS biochar was produced successfully from durian shells and
seeds through pyrolysis at 500 °C in combination with hydro-
thermal treatment. The BDSS that was obtained had a graphite-
like carbon structure with a porous surface, a specic surface
area of 441.71 m2 g−1, an iodine number of 589 mg g−1, and
a point of zero charge (pHpzc) of 6.47, indicating good physical
properties.

Optimum conditions for the adsorption of methylene blue
(MB) from a concentration of 50 mg L−1 by BDSS were pH 7, 60
minutes contact time, and an adsorbent dosage of 0.05 g per
20 mL solution.

Adsorption of MB onto BDSS was found to be satisfactorily
described using certain isotherm models, including Langmuir,
Freundlich, Temkin, Elovich, and Halsey. From the Langmuir
isotherm model, the highest adsorption capacity (qmax) of BDSS
towards MB was 136.99 mg g−1.

Kinetic study showed that the adsorption process followed
a pseudo-second-order kinetic model, was spontaneous, and an
endothermic process. Monolayer as well as multilayer
33746 | RSC Adv., 2025, 15, 33726–33749
adsorption was observed, suggesting that the surface of BDSS is
both homogeneous as well as heterogeneous in nature. The
adsorption process was governed by physical and chemical
interactions, in which intraparticle diffusion, external diffu-
sion, and temperature controlled the rate of adsorption.

The primary adsorption mechanisms of MB onto BDSS were
electrostatic forces, hydrogen bonding, p–p interactions, elec-
tron donor–acceptor interactions, and pore lling. The
adsorption efficiency for MB remained at 53.74% following
three successive reuse cycles, a result showing the potential for
reusability of the material.

In addition, an articial neural network (ANN) model was
also effectively developed for the prediction of BDSS adsorption
performance under varying conditions. The feedforward ANN
with an optimal topology of ve input parameters (pH, contact
time, adsorbent dosage, temperature, and initial MB concen-
tration), a hidden layer of 11 neurons, and a single output
neuron provided excellent predictive capability (R > 0.99 for
training, validation, and testing). The model also showed that
the initial MB concentration was the most important param-
eter, followed by temperature, adsorbent dose, contact time,
and pH. These results are helpful in process optimization and
practical application.

In conclusion, this study conrms that BDSS biochar of
durian waste is an efficient, reusable, and stable adsorbent for
methylene blue removal. The integration with ANN modeling
provides a powerful tool for adsorption behavior prediction and
operational condition optimization, forming a very good foun-
dation for further study and practical implementation in
wastewater treatment.
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