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ARTICLE INFO ABSTRACT

Keywords: Background: Methylene blue (MB), a toxic dye in industrial wastewater, requires efficient removal methods due
Ads°"Pti°n' to its environmental and health risks. This study uses activated carbon derived from avocado pits, modified with
Avocado pits chitosan to form the CS@ACAP composite, to enhance adsorption. The research focuses on optimizing the

Chitosan@activated carbon
DFT
Methylene blue

synthesis, evaluating adsorption efficiency, and exploring the adsorption mechanisms through experimental and
theoretical analyses.

Methods: Activated carbon was synthesized and optimized using the Box-Behnken design, considering key pa-
rameters such as sulfuric acid concentration, activation time, and temperature. The material was then modified
with chitosan to create the CS@ACAP composite. Both materials were characterized using FTIR, SEM, XRD, BET,
pHpzc, and EDS analyses. Adsorption experiments were performed under varying conditions pH (2-10), contact
time (10-180 min), adsorbent mass (0.02-0.14 g) to determine the maximum adsorption capacity (qmax).
Isotherm and thermodynamic models, along with DFT simulations, were used to analyze the adsorption behavior
and provide molecular-level insights into methylene blue interactions with the materials.

Significant Findings: The CS@ACAP composite exhibited a higher adsorption capacity (81.0 mg/g) compared to
activated carbon (40.2 mg/g). Activated carbon achieved optimal adsorption at pH 10, with 160 min and 0.12 g
of adsorbent, while CS@ACAP required only 110 min and 0.08 g. Both materials followed the Langmuir model in
isotherm studies. Thermodynamic analysis showed exothermic adsorption on activated carbon and endothermic
adsorption on CS@ACAP. DFT simulations confirmed stronger MB interactions with CS@ACAP, underscoring its
potential as an efficient adsorbent. These findings position CS@ACAP as a promising, eco-friendly material for
wastewater treatment.

1. Introduction industrial sectors, such as textiles [2], leather, paper, and plastics, has
contributed to their ubiquity in the environment [3]. These dyes are

Water pollution caused by synthetic dyes has emerged as a critical valued for their ability to impart vibrant, long-lasting colors to consumer
environmental and public health challenge, drawing increasing atten- products, which enhances their aesthetic and commercial appeal [4].
tion from researchers, policymakers, and industries over the past few However, this very property, combined with their complex chemical
decades [1]. The widespread use of synthetic dyes across various compositions, poses severe environmental risks, especially when these
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dyes are discharged into natural water systems without adequate
treatment [5]. The unchecked release of dye-contaminated wastewater
not only degrades aquatic ecosystems but also jeopardizes human
health, making the development of effective remediation strategies an
urgent global priority [6].

Among the wide array of synthetic dyes, Methylene Blue (MB) stands
out as a compound of particular concern due to its extensive use and the
unique challenges it presents in wastewater management [7]. Methylene
Blue (MB) is a synthetic cationic dye that has been widely used across
various industries, including textiles, paper, and as a biological stain in
laboratories. Despite its broad applications, MB poses significant envi-
ronmental and health risks, primarily due to its persistence in the
environment. The dye is characterized by a complex aromatic ring
structure, which contributes to its chemical stability and resistance to
natural degradation processes. As a result, MB can accumulate in water
bodies, causing long-term pollution that is challenging to mitigate [8]. It
is widely used as a biological stain in laboratories, a medical treatment
for conditions like methemoglobinemia, and a dye in the textile and
paper industries [9]. The environmental impact of MB is profound. In
aquatic ecosystems, MB disrupts the natural balance by inhibiting
photosynthesis in aquatic plants and algae, which is essential for the
survival of these organisms. The dye’s presence can lead to reduced
oxygen levels, harming aquatic life and altering the food chain. More-
over, MB has been shown to be toxic to a variety of organisms, including
fish and invertebrates, and poses risks to human health as well, partic-
ularly when it contaminates drinking water sources, Another concerning
aspect of MB contamination is its potential for genotoxicity and carci-
nogenicity [10]. Prolonged exposure to MB has been associated with
genetic damage and increased cancer risk in both aquatic organisms and
humans. This makes the need for effective and sustainable methods of
removing MB from wastewater crucial [11]. Its chemical structure,
characterized by a complex aromatic ring system, contributes to its
remarkable stability and resistance to natural degradation processes
[12]. Furthermore, human health risks associated with MB contamina-
tion in water are a major concern. When MB enters the food chain, it can
affect humans through the consumption of contaminated water or
aquatic organisms. The potential carcinogenic and genotoxic effects of
MB exposure are a subject of ongoing research. Studies have indicated
that chronic exposure to MB may lead to health issues such as skin
irritation, respiratory problems, and even more severe conditions like
genetic mutations or cancer [13].

The environmental consequences of Methylene Blue contamination
are profound and multifaceted [14]. In aquatic ecosystems, the dye
disrupts the delicate balance necessary for the survival of aquatic or-
ganisms [15]. One of the most immediate effects of Methylene Blue is its
interference with photosynthetic processes in aquatic plants and algae
[16]. Moreover, the long-term effects of Methylene Blue exposure
remain a topic of active investigation [17]. Emerging studies have raised
concerns about its potential carcinogenicity and genotoxicity [18],
further emphasizing the need for stringent control measures to limit its
presence in the environment. The cumulative health risks associated
with this dye make its remediation from wastewater an essential aspect
of public health protection [19].

The challenges posed by Methylene Blue contamination have
prompted extensive research into effective removal methods. Tradi-
tional wastewater treatment techniques, including physical methods
such as filtration [20], membrane filtration [21], chemical processes like
advanced oxidation [22,23], and coagulation-flocculation [24], as well
as biological processes including activated sludge, trickling filters [25],
and biofiltration, have been employed to address this issue [26]. How-
ever, these methods often have limitations [27], such as high opera-
tional costs, incomplete dye removal, and secondary pollution [28].
Among the available strategies, adsorption has gained prominence as a
highly effective and versatile approach for dye removal [29].

Adsorption operates on the principle of transferring dye molecules
from the aqueous phase onto the surface of an adsorbent material [30],
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thereby purifying the water [31]. This method is favored for its
simplicity and several other advantages [32]. One of the primary ben-
efits of adsorption is its ability to efficiently remove a wide range of
contaminants. It is particularly effective for removing dyes from
wastewater, as dyes often have strong molecular structures that can
easily interact with adsorbents [33]. The process is straightforward and
does not require complex equipment or processes, making it
cost-effective and easy to implement [34]. The adsorption capacity is
influenced by various factors such as pH, temperature, contact time, and
the concentration of the adsorbate. For example, an increase in contact
time provides more opportunities for adsorption, while pH can influence
the charge and structure of both the adsorbate and the adsorbent,
altering the process’s efficiency [35]. While conventional adsorbents
like activated carbon are widely used due to their high surface area and
porosity, the production of activated carbon from traditional sources
such as coal, wood, and coconut shells is associated with environmental
and economic challenges [36].

Previous studies have explored various methods for the removal of
Methylene Blue (MB) from wastewater, with activated carbon emerging
as one of the most widely used adsorbents due to its high surface area,
porous structure, and excellent adsorption capacity. One significant
finding from these studies is the investigation of biomass-sourced acti-
vated carbon, such as sugarcane bagasse activated carbon (SCBAC) and
espresso coffee waste activated carbon (ECWAC), for MB removal. The
research demonstrated that SCBAC was more effective than ECWAC in
removing Methylene Blue, with removal efficiencies reaching up to 100
% [37]. Another study investigated the activation of cotton-derived
activated carbon (AC) using KOH, achieving a maximum adsorption
capacity (Qm) of 31.9 mg/g [38]. A study explored the conversion of
waste cigarette butts into activated carbon using ZnCl- as a chemical
activator. The resulting activated carbon demonstrated a high adsorp-
tion capacity for Methylene Blue dye, with a value of 285.7 mg/g at 25
°C [39]. A study evaluated the use of Spathodea Campanulata-derived
activated carbon for removing Methylene Blue (MB) from wastewater.
Prepared through chemical impregnation with HsPO. and thermal
activation, the activated carbon achieved a 99.95 % removal efficiency
[40]. A study explored the production of low-cost activated carbons
from acacia biomass for wastewater treatment. The process involved a
one-step carbonization and chemical activation with phosphoric acid at
500 °C. The activated carbon showed a maximum adsorption capacity
(qm) of 95.42 mg/g for methylene blue [41].

Activated carbon has long been regarded as one of the most effective
adsorbents for environmental remediation, particularly in wastewater
treatment. Its ability to remove a wide array of contaminants from dyes
and heavy metals to organic compounds can be attributed to its high
surface area, porous structure, and chemical reactivity [42].These fea-
tures allow activated carbon to adsorb pollutants via both physical and
chemical interactions, making it a versatile material for addressing
water pollution. Its non-toxic, environmentally friendly nature further
enhances its appeal, as it is safe to use and does not release harmful
byproducts during its application. Activated carbon can also be regen-
erated, which means that after its adsorptive capacity is exhausted, it
can be thermally treated and reused multiple times, thereby reducing
costs associated with disposal and replenishment. This regeneration
ability is one of the key reasons activated carbon remains a popular
choice in water treatment processes, particularly in industries where
large volumes of wastewater need to be treated [43]. However, the
widespread use of activated carbon does not come without its chal-
lenges. The conventional methods of producing activated carbon espe-
cially from coal, wood, and coconut shells pose several environmental
and economic concerns [44]. The extraction of these raw materials can
be harmful to the environment, often involving deforestation, habitat
destruction, and the depletion of non-renewable resources. Additionally,
the production process itself is energy-intensive, requiring high tem-
peratures to activate the carbon, which leads to increased carbon
emissions. This not only contributes to global warming but also adds to
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the overall environmental footprint of the material. The cost of pro-
ducing activated carbon from these traditional sources can also be high,
making it an expensive solution for large-scale applications or in regions
with limited financial resources [45]. In response to these issues, there
has been growing interest in developing sustainable alternatives to
traditional activated carbon. Agricultural byproducts, such as avocado
pits, have emerged as promising precursors for producing activated
carbon. These byproducts are abundant, renewable, and low-cost,
making them an ideal alternative to traditional raw materials. The
production of activated carbon from agricultural waste offers numerous
advantages. For one, it helps address the growing problem of agricul-
tural waste disposal, converting it into a valuable product instead of
allowing it to go to waste [46]. By using these waste materials, the
production of activated carbon can contribute to a more sustainable
circular economy. Moreover, bio-based activated carbon produced from
materials like avocado pits often exhibits similar, if not superior,
adsorption capacities compared to traditional activated carbon, making
it just as effective for removing pollutants from wastewater [47]. In
addition to its environmental benefits, using agricultural waste for
activated carbon production helps reduce the economic burden associ-
ated with raw material acquisition. The use of low-cost waste materials
lowers production expenses and makes the material more accessible for
industries and regions where the cost of conventional activated carbon
might otherwise be prohibitive. Furthermore, as research continues to
evolve, it is becoming clear that bio-based activated carbons can be
tailored to meet specific needs, enhancing their adsorption efficiency for
various contaminants. For instance, the modification of bio-based car-
bons with other materials, such as chitosan or other polymers, has
shown promise in increasing their performance, expanding their po-
tential applications even further [48].

Similarly, chitosan, a biopolymer derived from chitin, has emerged
as a highly effective adsorbent for dye removal [49].Extracted from
crustacean shells, chitosan is not only biodegradable and non-toxic but
also possesses unique structural features that enhance its adsorption
capacity [50]. The molecular structure of chitosan contains both amino
and hydroxyl groups, which serve as active sites for the adsorption of
various pollutants [51], particularly dye molecules [52]. These func-
tional groups facilitate strong interactions with cationic dyes, such as
Methylene Blue, through electrostatic attraction and hydrogen bonding,
thus enhancing the adsorption efficiency [53]. In addition to its natural
adsorption capacity, chitosan’s structure can be modified to further
improve its performance [54].

Chitosan@activated carbon beads represent a powerful and sus-
tainable solution for water treatment applications, combining the
unique advantages of chitosan and activated carbon into a versatile
composite material. These beads exhibit enhanced adsorption efficiency
due to the synergistic effects of chitosan’s functional amino and hy-
droxyl groups and activated carbon’s high surface area and porosity
[55]. The bead format ensures mechanical stability and ease of handling,
making them suitable for dynamic systems without significant material
loss. Derived from renewable resources like crustacean shells and agri-
cultural byproducts, chitosan@activated carbon beads are environ-
mentally friendly, biodegradable, and cost-effective. Additionally, their
ability to be regenerated and reused further enhances their practicality
for large-scale wastewater treatment.

The objective of this study was to develop and optimize an efficient
method for the removal of Methylene Blue (MB) from aqueous solutions.
To achieve this, activated carbon was synthesized from avocado pits and
its preparation was systematically optimized using the Box-Behnken
design, focusing on three key parameters: sulfuric acid (H2S04) con-
centration, activation time, and activation temperature. The optimized
activated carbon was further modified by incorporating chitosan to
synthesize a composite material, Chitosan@Activated Carbon Avocado
Pits (CS@ACAP).A primary goal of the study was to evaluate and
compare the adsorption performance of the activated carbon and the
chitosan-modified composite under various experimental conditions.
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This included optimizing parameters such as pH, contact time, adsor-
bent mass, and initial dye concentration to maximize adsorption effi-
ciency. Both materials were characterized using advanced techniques,
including FTIR, SEM, XRD, BET, and EDS analyses, to assess their
structural, morphological, and surface properties.Furthermore, the
study aimed to elucidate the adsorption mechanisms by conducting
isotherm modeling and thermodynamic analyses. The Langmuir and
Freundlich models were applied to determine the adsorption behavior
and surface characteristics of the materials. Thermodynamic parame-
ters, such as changes in enthalpy (AH®), entropy (AS°), and Gibbs free
energy (AG°), were analyzed to understand the nature of the adsorption
processes.To complement the experimental findings, density functional
theory (DFT) simulations were conducted to examine the molecular
interactions between MB and the two adsorbent materials. These sim-
ulations provided deeper insights into the binding affinities, surface
heterogeneities, and energy changes associated with MB adsorption.

By integrating experimental optimization, advanced characteriza-
tion, and theoretical modeling, this study sought to establish the
chitosan-modified activated carbon as a highly efficient and sustainable
material for MB removal.

2. Materials and methods
2.1. Chemical and reagents

The materials used in this study include hydrochloric acid (HCI) and
sodium hydroxide (NaOH), both purchased from Sigma-Aldrich.
Distilled water was used as the solvent throughout the experimental
procedures. Methylene Blue (C1H1sCINsS), a commonly used synthetic
dye with a molecular weight of 319.85 g/mol, was utilized in the
adsorption experiments. The dye’s maximum absorbance (Apax) is
typically observed at 664 nm, which is used for its quantification [56].

2.2. Preparation of chitosan@activated carbon avocado pits beads

The preparation of CS@ACAP beads involves a series of well-defined
steps, including the activation of carbon and the processing of extraction
of chitosan to create an effective composite material.

2.2.1. Activation of carbon

The process begins with the preparation of activated carbon from
avocado pits. Initially, the pits are thoroughly cleaned and cut into small
pieces to facilitate the subsequent processing steps. The pieces then
dried in an oven to eliminate moisture content. Once dried, the pits
fragments are ground into a fine powder, which serves as the precursor
material for the activation process [57]. This ground material is subse-
quently activated by treating it with sulfuric acid (H2SO4) at concen-
trations of 3 N, 6 N, and 9 N. The activation process is carried out with
continuous agitation for varying time durations of 4, 14, and 24 h [58].

After the activation step, the activated carbon is thoroughly rinsed
with distilled water to remove any residual sulfuric acid. The rinsing
process continues until a neutral pH of 7 is achieved, ensuring that the
material is free from excess acidity and ready for subsequent use in the
composite preparation [59]. The rinsed carbon is then subjected to
thermal treatment in a furnace at temperatures of 200 °C, 350 °C, and
500 °C for 1 hour. This step is crucial for further enhancing the porosity
and surface area of the material, resulting in the final activated carbon
product [60]. Fig. 1 illustrates the method of preparation of activated
carbon from avocado pits.

2.2.2. Extraction of chitosan

The extraction of chitosan involves a series of chemical treatments.
Initially, deprotonation is carried out using 2 N sodium hydroxide
(NaOH) to remove any protonated groups [61]. Following the depro-
tonation step, demineralization is performed using 1 N hydrochloric
acid (HCD to remove mineral impurities, ensuring the purity of the
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Fig. 1. Representation of the Activated carbon from avocado pits.

chitosan. Finally, deacetylation is carried out using 45 % sodium hy-
droxide (NaOH), which facilitates the conversion of chitin into chitosan
by removing acetyl groups, a critical step in obtaining the desired chi-
tosan material for the composite preparation [62].

2.2.3. Preparation of chitosan@Activated carbon avocado pits
(CS@ACAP) beads

For the preparation of CS@ACAP beads, chitosan is first dissolved in
a 2 % acetic acid solution to obtain a homogeneous chitosan solution
[63]. Activated carbon is subsequently added to the chitosan solution

and the mixture is agitated for 24 h to ensure thorough dispersion of the
carbon within the chitosan matrix [64]. This extended agitation period
facilitates the uniform distribution of activated carbon. To form the
beads, the chitosan@Activated carbon mixture is extruded using a sy-
ringe into a 2 N NaOH solution [65] . This step causes the chitosan to gel
and solidify around the activated carbon particles, forming uniform
beads. The beads are thoroughly washed with distilled water to remove
any residual chemicals and impurities. Fig. 2 illustrates the method of
preparation of CS@ACAP beads.
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Disollution of
activated carbon

Chitosan@Activated
carbon solution

\

Chitosan@Activated
carbon Solution

NaOH
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Formation of
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Beads of
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Fig. 2. Representation of Beads Formation Process of CS@ACAP beads.
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2.3. Instruments for characterization

The characterization of ACAP and chitosan@ACAP involves several
key analytical techniques. Infrared Spectroscopy (IR) is used to identify
functional groups and interactions between chitosan and activated
carbon . X-ray Diffraction (XRD) is used to assess the crystalline struc-
ture of the material [66].Brunauer-Emmett-Teller (BET) analysis is used
to measure the specific surface area and pore size distribution, which are
crucial for understanding adsorption capacity [67]. Scanning Electron
Microscopy (SEM) provides detailed images of surface morphology,
allowing for the visualization of the distribution and dispersion of
activated carbon particles within the chitosan matrix [68]. Spectroscopy
(EDX) is employed to determine the elemental composition of the ma-
terials, confirming the presence of key elements such as carbon, oxygen,
and other components relevant to the composite structure [69] .

2.3.1. Surface charge zero charge point

The point of zero charge (pHpzc) of avocado pits before and after
activation, as well as the composite CS@ACAP beads , is a critical
parameter. It indicates the pH at which the surface of these materials
exhibits no net electrical charge [70]. To determine the pH at the point
of zero charge (pHpzc), 0.1 g of avocado pits, both before and after
activation, as well as the composite CS@ACAP, are each immersed in a
series of 20 mL aqueous solutions with varying initial pH values, typi-
cally ranging from 3 to 12 [71]. After equilibration, the final pH of each
solution is measured. The pHpyc is determined as the point where the
plot of initial pH versus final pH intersects the line representing equality
between initial and final pH [72]. This intersection represents the pH at
which the material’s surface carries no net electrical charge, which is a
key factor in predicting the adsorption behavior of the materials across
different pH environments.

3. Box-Behnken design concept

The Box-Behnken design (BBD) is a statistical tool commonly
employed within response surface methodology (RSM) to optimize
complex processes involving multiple variables, particularly when
experimental resources are limited or when the system being studied is
complex and nonlinear in nature [6]. This design is favored for its ability
to provide valuable insights into the relationships between input factors
while minimizing the number of experimental runs required. One of the
most significant advantages of BBD over other experimental designs,
such as full factorial or central composite designs, lies in its efficiency.
The BBD design allows for the exploration of a broad range of in-
teractions between variables using fewer experiments, which is partic-
ularly important when working with limited time or resources [73]. By
focusing on a central, more manageable set of factor levels, the design
eliminates the need for testing extreme combinations of factors, which
might be impractical or lead to errors in other design approaches. This
feature makes BBD a more manageable and cost-effective choice, espe-
cially in studies where minimizing experimental effort is a key consid-
eration. Furthermore, the BBD design offers the added benefit of not
requiring the study of combinations of factor levels that might result in
undesirable or impossible experimental conditions, reducing the risk of
outliers that could skew results [74]. Another key advantage of BBD is its
ability to assess the nonlinear relationships and interaction effects be-
tween multiple variables with relative ease [75]. This is of particular
importance in studies involving complex materials and processes, such
as the synthesis of activated carbon from avocado pits, where the factors
being studied (sulfuric acid concentration, activation time, and calci-
nation temperature) interact in ways that cannot be easily predicted or
assessed using traditional single-variable methods. While other experi-
mental designs, such as full factorial designs, require significantly more
trials to evaluate multiple factors at different levels, BBD allows for a
more efficient and precise determination of optimal factor levels without
the need for a prohibitive number of experiments [76]. This efficiency is
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critical for studies that aim to balance resource use with experimental
rigor. In the context of this study, BBD was chosen specifically for its
ability to optimize the synthesis of activated carbon from avocado pits,
focusing on three critical factors. The selection of these parameters was
based on their significant impact on the physical and chemical proper-
ties of the activated carbon, and consequently, its adsorption capabil-
ities. Sulfuric acid concentration, for example, influences the extent of
activation and the development of the carbon’s surface area and
porosity [77]. Activation time affects the duration over which these
surface properties are enhanced [78], while calcination temperature
plays a critical role in stabilizing the activated carbon structure and
further refining its porosity [79]. These factors are known to play pivotal
roles in influencing the physical and chemical properties of the activated
carbon, including its surface area, porosity, and ultimately, its efficiency
in removing pollutants such as Methylene Blue dye from wastewater.
The optimization of these three factors, therefore, is essential in
achieving an activated carbon material with enhanced adsorption ca-
pacity for Methylene Blue, which is the response variable of interest in
our study. The reason for selecting BBD over other methodologies stems
from its ability to comprehensively assess the interactions between these
three critical factors while minimizing the number of experimental trials
[80,81],. Ultimately, the use of the Box-Behnken design in this study is
critical to addressing the research question of optimizing the activated
carbon synthesis process for maximum dye removal efficiency. By
minimizing the number of experimental runs required, BBD not only
ensures that we can efficiently explore the parameter space but also
helps reduce experimental errors that might arise from impractical
factor combinations [82]. Moreover, it facilitates a deeper understand-
ing of the interactions between the factors involved, which will ulti-
mately lead to the identification of optimal conditions for the production
of activated carbon with superior adsorption capacity [83,84],.

Through the systematic variation of these parameters, as defined by
the Box-Behnken Design (BBD), we were able to create a response sur-
face that provided insights into the optimal conditions for maximum dye
removal. The BBD enabled us to identify not only the best combination
of sulfuric acid concentration, activation time, and calcination temper-
ature but also to understand the interactions between these factors.
Table 1 presents the key factors and their corresponding ranges used in
the optimization. These factors were varied to study their interaction
effects on Methylene Blue (MB) removal efficiency.

To achieve this optimization, BBD was employed, efficiently
exploring the interactions between multiple variables while minimizing
the number of experimental runs required [85]. The BBD framework is
particularly well-suited for studies where the relationships between the
factors are non-linear and where interactions between variables are
expected to play a significant role in the outcome [86]. In this study, the
model was constructed based on 17 carefully designed experiments,
each representing a unique combination of the three key variables. The
response of interest, the yield of Methylene Blue removal, was analyzed
using a quadratic polynomial equation that incorporates linear, inter-
action, and quadratic effects of the independent variables [87]. This type
of equation enables a detailed exploration of how each factor, both
individually and in combination with others, affects the removal effi-
ciency. The general form of Eq. (1) is as follows [88]:

Yi =fo + Zinzl (BiXi) + Z:l:l (ﬂiixiz) + Zin;l Z;lzl (ﬁl}X‘XJ) M

In this equation, Yi represents the measured response for each

Table 1

Experimental design levels for various parameters.
Factor Name Units Minimum Maximum Mean
A H,SO04 N 3.00 9.00 6.00
B Time of Activation Hours 4.00 24.00 14.00
C Temperature °C 200.00 500.00 350.00
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experiment iii, which in this case is the percentage of Methylene Blue
removed. The coefficients 0 ,pi, fii, and fij correspond to the constant
term, linear effects, quadratic effects, and interaction effects, respec-
tively [89] . The variables Xi and Xj represent the coded levels of the
independent variables, such as sulfuric acid concentration, activation
time, and calcination temperature .By analyzing the results from these
17 experiments, the study was able to construct a response surface that
illustrates how changes in the independent variables affect the yield of
Methylene Blue removal. This response surface not only identifies the
optimal conditions for maximizing dye removal but also provides in-
sights into the nature of the interactions between the variables, high-
lighting which combinations of factors are most critical for achieving
high removal efficiency [90]. Table 2 presents the experimental runs
conducted to evaluate the effects of different parameters on the removal
efficiency of methylene blue (MB) using activated carbon prepared from
avocado pits.

As shown, the predicted and experimental values of methylene blue
(BM) removal are in strong agreement, with the predicted values closely
matching the experimental results across all experimental runs. The
correlation between the predicted and experimental BM removal per-
centages indicates that the model effectively describes the adsorption
behavior under varying conditions. For example, the experimental BM
removal percentages ranged from 3.66 % to 86.26 %, while the pre-
dicted values varied between 3.78 % and 85.16 %, demonstrating a
minimal discrepancy [91]. This high degree of consistency between the
predicted and experimental results further supports the validity and
reliability of the Box-Behnken model in optimizing the methylene blue
removal process [92].

4. Adsorption
4.1. Adsorbate preparation

The preparation of Methylene Blue, the adsorbate, is a critical step in
the adsorption experiments. A stock solution of Methylene Blue was
prepared by dissolving 1 g of the dye in 1 L of distilled water, resulting in
a concentration of 1000 mg/L. This concentration was chosen to provide
a sufficiently high initial dye concentration for the adsorption experi-
ments, thereby enabling a clear evaluation of the adsorptive capacity
and efficiency of both activated carbon (ACAP) and the composite
CS@ACAP. The stock solution was thoroughly mixed to ensure the
complete dissolution of the Methylene Blue dye, resulting in a homo-
geneous solution with a consistent concentration throughout. This stock
solution was then used to prepare various diluted solutions, tailored to
different experimental conditions, including contact time, pH, and
adsorbent mass.

Table 2
Experimental design and response model.
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4.2. Study of methylene bleu adsorption kinetics

4.2.1. Effect of contact time

The effect of contact time on the adsorption of Methylene Blue was
investigated using an initial dye concentration of 50 mg/L and an
adsorbent mass of 0.1 g. Adsorption experiments were carried out over a
time range from 10 to 180 min to determine the optimal contact time for
maximum dye removal. At each time interval, samples were collected,
centrifuged, and the residual Methylene Blue concentration was
measured. The samples were then analyzed using a Shimadzu UV-Vi-
sible spectrophotometer (A = 664 nm) to determine the concentration of
residual Methylene Blue. Quantities of dye adsorbed per unit mass (Qe)
and percent elimination (R %) are calculated based on Eq. (2) and (3)
[93]:

\4
Q. = (Ci*ce)xa

C;—-C.
R% = 100
o= (95%)~

i

(2

3

Where: C; (mg/L) is the initial concentration of Methylene Blue. Ce
(mg/L) is the equilibrium concentration of Methylene Blue. V (L) is the
volume of the Methylene Blue solution. w (g) is the mass of ACAP or
CS@ACAP composite.

4.2.2. Modeling the adsorption kinetics of methylene blue

To understand the kinetics of Methylene Blue adsorption onto ACAP
and CS@ACAP, both pseudo-first-order and pseudo-second-order kinetic
models were employed [94]. These models provide insights into the
nature of the adsorption process, including the rate at which Methylene
Blue is removed from the solution and the mechanism underlying the
interaction between the dye and the adsorbent [95]. The
pseudo-first-order model is frequently employed in dye adsorption
studies due to its capability to describe adsorption kinetics in systems
where the rate of adsorption is primarily governed by the difference
between the equilibrium dye concentration and the amount adsorbed at
any given time. This model offers valuable insights into the adsorption
rate and the interaction mechanisms between Methylene Blue and the
adsorbent, allowing for the prediction of system behavior over time. The
model is represented by the following Eq. (4) :

In(Q.— Q,) =InQ, — k;t ()]

Where: Qt is the amount of dye adsorbed at time t, Qe is the equi-
librium amount of dye adsorbed, and k; is the rate constant of the
pseudo-first-order adsorption. This model assumes that the rate of
adsorption is proportional to the difference between the equilibrium
concentration and the concentration at time t [96].

Run Concentration Of H,SO4 (N) Time of Activation Hours Temperature °C BM removel Experimental ( %) BM removel predite ( %)
1 6 14 350 40.23 40.58
2 6 14 350 40.78 40.58
3 6 14 350 40.22 40.58
4 9 14 200 14.96 16.03
5 6 14 350 40.78 40.58
6 6 14 350 40.89 40.58
7 9 4 350 3.66 3.78
8 6 24 200 53.7 52.29
9 9 24 350 45.27 45.61
10 9 14 500 45.5 43.97
11 6 4 500 41.29 42.70
12 3 24 350 82.66 82.54
13 6 24 500 83.96 85.16
14 3 4 350 60.42 60.08
15 3 14 200 66.5 68.03
16 3 14 500 86.26 85.19
17 6 4 200 31.67 30.47
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On the other hand, the pseudo-second-order model, proposed by Ho
and McKay, is commonly utilized to describe adsorption processes in
which the rate of adsorption is dependent on the square of the difference
between the amount of dye adsorbed and the equilibrium adsorption
capacity. This model is particularly useful for systems where the
adsorption rate slows as the adsorption sites become occupied, and it
offers a more accurate representation of the adsorption process at higher
dye concentrations [97]. This model provides insights into the adsorp-
tion rate and the capacity of the adsorbent, and is given by Eq. (5):

t 1 t

2 TQe)Z +@ 5)

where kj is the rate constant of the pseudo-second-order adsorption.
This model posits that the rate of adsorption is proportional to the square
of the difference between the equilibrium concentration and the con-
centration at time t [98].

4.3. Identification of optimum adsorption conditions for methylene bleu

To determine the optimum conditions for the adsorption of Methy-
lene Blue onto ACAP and CS@ACAP, a comprehensive analysis was
conducted, considering several key variables: adsorbent mass, pH, dye
concentration, and temperature. The adsorbent mass was varied be-
tween 0.02 g and 0.14 g to assess its impact on the removal efficiency.
The pH was adjusted within the range of 2 to 10 to identify the optimal
value for maximizing dye uptake, as pH can significantly affect the
surface charge of the adsorbent and the ionization state of the dye. The
initial Methylene Blue concentration was varied between 25 mg/L and
200 mg/L to explore how different dye concentrations influence the
adsorption process, providing insights into the adsorbent’s capacity and
efficiency. Furthermore, the temperature was varied from 25 °C to 45 °C
to evaluate its effect on the adsorption rate and equilibrium.

4.4. Adsorption isotherm

4.4.1. The langmuir models

The Langmuir adsorption isotherm is a fundamental model used to
describe the adsorption of Methylene Blue onto ACAP and CS@ACAP
beads. It assumes monolayer coverage of the adsorbate on a surface with
a finite number of identical and non-interacting sites [99]. This model is
particularly suitable for our study as it assumes that adsorption occurs at
specific, homogeneous sites on ACAP and CS@ACAP, and once these
sites are occupied by Methylene Blue molecules, no further adsorption
can occur at those sites [100]. It is typically applied in cases where
understanding the maximum adsorption capacity and the efficiency of
adsorbents is essential. The Langmuir isotherm is expressed by Eq. (6):

c_ 1 .c
Q@ KiQn Qn

( (6)

where :Qe represents the amount of Methylene Blue adsorbed per unit
mass of the onto ACAP and CS@ACAP beads at equilibrium, Qm is the
maximum adsorption capacity, Ky, is the Langmuir constant reflecting
the affinity of the adsorbent for the dye, and Ce is the equilibrium
concentration of Methylene Blue.

4.4.2. The Freundlich model

The Freundlich adsorption isotherm is another widely used model
that describes the adsorption of substances onto heterogeneous surfaces
[101]. the Freundlich model accommodates varying adsorption sites and
capacities on a heterogeneous surface [102]. This model is particularly
useful for describing adsorption processes where the adsorbent surface
exhibits a range of affinities for the adsorbate, making it suitable for
systems with non-uniform surface properties. The Freundlich isotherm is
expressed by Eq. (7) :
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In(Q,) = In(Ks) + nipln(ce) @)

where Qe is the amount of adsorbate (Methylene Blue) adsorbed per unit
mass of the adsorbent at equilibrium, Ce is the equilibrium concentra-
tion of the adsorbate, Ky is the Freundlich constant indicating the
adsorption capacity, and 1/ng is a dimensionless constant that repre-
sents the adsorption intensity or surface heterogeneity.

4.5. Adsorption thermodynamic

Adsorption thermodynamics provides insight into the energy
changes and equilibrium behavior of adsorption processes, offering a
deeper understanding of the interactions between adsorbat and adsor-
bents [103]. It involves the study of how temperature, enthalpy, and
entropy affect the adsorption equilibrium and the spontaneity of the
process [104]. Key thermodynamic parameters, such as the Gibbs free
energy change (AG"), enthalpy change (AH), and entropy change (AS"),
are crucial for evaluating the feasibility and nature of adsorption . Using
Eq. (8),(9),(10), and a plot of Ln Ke versus 1/T, essential thermodynamic
parameters like entropy (AS°), enthalpy (AH®), and Gibbs free energy
(AG®°) can be determined.

_Qe
Ke = Ce (€]
AS. AH
AG = AH — TAS’ (10)

Where Ke: equilibrium distribution coefficient. Qe (mg.g™): Methy-
lene bleu adsorption on chitosan beads’ surface. Ce (mg.L’l): equilib-
rium Methylene bleu concentration. T (K): absolute temperature, and R
(8.314 J.mol . K'l): the universal gas constant.

5. Mechanism and calculations of density functional theory
(DFT)

In our study, we performed a comprehensive quantum mechanical
analysis using the GaussianO9W program and GaussView5.0.8 software
[105]. The analysis was based on Density Functional Theory (DFT), a
well-established and robust computational approach for investigating
molecular systems. We employed the B3LYP hybrid functional, which is
a widely used and highly reliable method in DFT calculations [106]. The
B3LYP functional combines the Becke’s three-parameter exchange
functional with the Lee-Yang-Parr correlation functional, and is known
for its accuracy in predicting molecular structures, electronic properties,
and reaction mechanisms. This functional was chosen for its proven
ability to provide accurate results for systems similar to the Methylene
Blue molecule, particularly in terms of predicting binding interactions
and stability in adsorption processes. To accurately model the molecular
systems in this study, we employed the 6-31G(d,p) basis set, a
split-valence set enhanced with polarization functions on heavier atoms
and diffuse functions to accurately represent electron density, particu-
larly in regions far from the nuclei. This choice was driven by its optimal
balance between computational efficiency and reliability for the calcu-
lations performed, allowing us to gain detailed insights into the in-
teractions and stability of Methylene Blue when adsorbed onto the
surfaces of ACAP and CS@ACAP beads. The 6-31 G basis set, which
includes six Gaussian functions for core electrons and three for valence
electrons in the first shell, along with one for the second shell, offers an
efficient yet accurate solution for systems involving light elements like
carbon, nitrogen, and oxygen. For higher accuracy in certain calcula-
tions, we also utilized the 6-311G* basis set, which augments 6-31 G
with additional polarization functions to better capture electron distri-
bution, making it particularly useful for studying transition states and
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reaction mechanisms. By optimizing the molecular geometry and
analyzing the electronic distribution of the Methylene Blue molecule, we
gained valuable insights into the intricate interactions between the dye
and the surfaces of the adsorbent materials, specifically the ACAP and
CS@ACAP beads composite. The geometry optimization process, which
involves refining the atomic positions to minimize the total energy of the
system, allowed us to determine the most stable configurations of
Methylene Blue when adsorbed onto the adsorbents surfaces. This step is
crucial for understanding how the molecular structure of the dye
changes upon adsorption and how these structural changes influence its
binding affinity. In addition to the geometric optimization, the analysis
of the electronic distribution provided detailed information about the
electron density and how it is redistributed upon interaction with the
adsorbents surfaces. This helps to identify key regions of the dye
molecule that are involved in the adsorption process, such as areas with
high electron density that might interact with the surface via n-rn
stacking, hydrogen bonding, or electrostatic forces. By examining these
electronic properties, we were able to uncover the nature of the binding
forces and the overall stability of the adsorbed dye. The quantum
chemical analysis not only helped in elucidating the fundamental
adsorption mechanisms but also provided a deeper understanding of
how the ACAP and CS@ACAP composite beads enhance the adsorption
efficiency of Methylene Blue. By understanding the interactions at the
molecular level, we can optimize the design of the adsorbent materials
to maximize their effectiveness in capturing the dye. This analysis is
particularly significant for advancing the development of adsorbent
materials with tailored properties, allowing for better control over the
adsorption capacity and selectivity. Furthermore, the insights gained
from the quantum chemical calculations contribute to the rational
design of novel adsorbent materials with improved performance in
practical applications such as wastewater treatment and environmental
remediation [107]. In our quantum chemical analysis, several key
quantum parameters were computed for the optimized structures of
Methylene Blue to provide a deeper understanding of the electronic
properties and reactivity of the molecule. These parameters are crucial
for evaluating the molecule’s behavior in the adsorption process and its
interaction with the ACAP and CS@ACAP bead surfaces. Specifically, we
calculated the energy of the Highest Occupied Molecular Orbital
(HOMO), the energy of the Lowest Unoccupied Molecular Orbital
(LUMO), and the energy gap (AEgap) between these orbitals. The
HOMO represents the highest energy electron that is still bound to the
molecule, while the LUMO represents the lowest energy orbital that is
unoccupied and available for interactions with other molecules. The
energy gap (AEgap) between these orbitals is a critical parameter, as it
indicates the molecule’s ability to donate or accept electrons during
chemical reactions. A smaller AEgap generally suggests greater chemical
reactivity, as the molecule is more easily excited from the HOMO to the
LUMO, facilitating electron transfer processes [108]. The HOMO and
LUMO energies are crucial for understanding the electron donation and
acceptance capabilities of the molecules, while the energy gap (AEgap)
indicates the stability and reactivity of the molecule [109]. Additionally,
we assessed several important molecular properties to further charac-
terize the optimized structures of Methylene Blue, which provide a
deeper understanding of its reactivity and potential interactions with the
adsorbent surfaces. These properties include electrophilicity (®), soft-
ness (c), hardness (1), absolute electronegativity (), and dipole moment
(p), each of which plays a significant role in determining the molecule’s
chemical behavior and its potential for interaction in the adsorption
process. Electrophilicity (w) measures the molecule’s ability to accept
electrons, which is essential for understanding its interaction with
electron-rich surfaces such as those found in the adsorbent materials. A
higher electrophilicity indicates that the molecule is more likely to act as
an electrophile, making it more reactive in adsorption processes. We
closely monitored the change in total energy between successive itera-
tions, with a convergence threshold typically set between 10~ and 102
atomic units (a.u.). The calculation was considered converged once the
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energy change fell below this threshold. Additionally, for molecular
dynamics and structure optimization, the forces acting on atoms were
minimized. The convergence criterion for force minimization involved
comparing the magnitudes of atomic forces between iterations,
achieving convergence when the forces fell below 10 to 10 a.u./A. We
also calculated the softness (c) and hardness (1)), which are key concepts
in chemical reactivity. Softness refers to the molecule’s tendency to
undergo a chemical reaction, while hardness reflects the molecule’s
resistance to changes in its electron density. Soft molecules are typically
more reactive and can easily interact with softer materials, while harder
molecules are more stable and less reactive. The balance between soft-
ness and hardness of Methylene Blue can provide important clues about
its reactivity with the ACAP and CS@ACAP beads, influencing the
adsorption efficiency. The absolute electronegativity (y) was also
calculated, which gives an indication of the molecule’s ability to attract
electrons towards itself. A molecule with high electronegativity is more
likely to form stronger interactions with electron-donating surfaces.
Lastly, the dipole moment (p) was computed to evaluate the polarity of
the Methylene Blue molecule. The dipole moment is a measure of the
separation of charge within the molecule, and molecules with higher
dipole moments tend to exhibit stronger interactions with polar sur-
faces, such as those of the adsorbent materials. By analyzing these pa-
rameters, we were able to gain a comprehensive understanding of the
molecule’s electronic structure and its potential reactivity, which are
critical for optimizing the adsorption process and enhancing the per-
formance of the adsorbent material [110]. These parameters were
calculated using Eq. (11),(12) and (13) to evaluate various aspects of
chemical reactivity and electronic structure:

AEGap = Erumo — Enomo (11)

ELumo — EHomo
= _fLumo ~_ “Homo 12
3 12)

x — —Eromo — Erumo) 13)
2
The overall softness (S) is the inverse of the overall hardness ac-

cording to Eq. (14):

S =— 14
n
The electrophilicity index o is determined by applying Parr’s concept
according to the Eq. (15):
x2

= 2—'1 (15)

6. Characterization
6.1. Fourier transform infrared spectroscopy (FTIR)

Fig. 3a and 3b present the FTIR spectra of both raw avocado pits and
activated carbon derived from avocado pits, highlighting the chemical
transformations induced by the activation process. In Fig. 3a, the spec-
trum of raw avocado pits exhibits a broad absorption band at 3298 cm™,
corresponding to O-H stretching vibrations, which suggests the presence
of hydroxyl groups likely from moisture or cellulose-based components
[111].The distinct peaks at 2935 cm™ and 2850 cm™ correspond to C-H
stretching vibrations of aliphatic hydrocarbons, indicating the presence
of long-chain organic compounds . Additionally, the peak at 1623 cm™ is
attributed to C = O stretching, suggesting the presence of carbonyl
groups , such as aldehydes or ketones [112].The peaks at 1445 cm™ and
1272 cm™ correspond to C-H bending and C-O stretching, respectively,
which are characteristic of lignocellulosic materials [113]. Additional
peaks at 1154 cm™ and 1078 cm™ further confirm the presence of
polysaccharides , such as cellulose and hemicellulose [114]. After
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Fig. 3. Infrared Spectra of a) Avocado pits, b) ACAP, c¢) Chitosan, d) CS@ACAP composite.

activation, Fig. 3b presents the FTIR spectrum of the activated carbon,
revealing significant changes. New peaks appear at 3049 cm™ and 1701
cm™!, indicating the formation of carbonyl functional groups [115] . The
appearance of a peak at 766 cm™ corresponds to aromatic skeletal vi-
brations, suggesting the development of a more ordered, carbon-rich
structure. Additionally, the reduced intensity of the O-H and C-H
peaks, along with the appearance of new functional groups, confirms
that the activation process has successfully transformed the raw material
into activated carbon [116]. The spectra in Fig. 3c and 3d of pure chi-
tosan and CS@ACAP reveal distinct differences, highlighting changes in
functional groups during composite formation. In the spectrum of pure
chitosan (Fig. 3c) , a broad peak at 3338 cm™ corresponds to O-H and
N-H stretching vibrations, which are characteristic of hydroxyl and
amine groups [117]. The peak at 2885 cm™ corresponds to C-H
stretching from aliphatic chains, while the peaks at 1660 cm™ and 1603
cm™! are attributed to C = O stretching (amide I) and N-H bending
(amide II), respectively, confirming the amide structure of the polymer
[118].Additional peaks at 1430 cm™, 1382 cm™, and 1155 cm™ are
associated with C-H bending, CHs symmetric deformation, and C-O
stretching, typical of chitosan’s saccharide backbone.The peak at 1034
cm™! suggests C-O-C stretching vibrations, characteristic of the glyco-
sidic linkages in chitosan, while the peak at 862 cm™ is attributed to
skeletal vibrations of the p-glycosidic bond [119].In the CS@ACAP
composite (Fig. 3d), significant changes are observed in the spectrum.
The broad O-H/N-H stretching band at 3335 cm™ remains, albeit with
reduced intensity, suggesting an interaction between chitosan and the
activated carbon. The C-H stretching peaks are still visible at 2860 cm™

and 2328 cm™! are still detectable, indicating the persistence of the
aliphatic nature, albeit at lower transmittance values. Additionally, the
carbonyl-related peak at 1493 cm™! implies an interaction between the
amide groups of chitosan and the carbonyl groups of activated carbon,
confirming the formation of the composite. The peak at 1382 cm™ shows
a shift, indicating changes in the vibrational modes of CHs groups , while
the strong peak at 1156 cm™ is related to C-O stretching, like the
original chitosan structure but possibly influenced by the activated
carbon.

6.2. Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) images offer a detailed
view of the surface morphologies and structural changes observed in
four different materials: chitosan, avocado pits, ACAP , and a CS@ACAP
composite. The SEM images of pure chitosan Fig. 4(a, b, c) reveal a
smooth, uniform surface morphology with minimal porosity, charac-
teristic of the biopolymer’s natural . In Fig. 4(a), chitosan exhibits a
layered structure with flat surfaces, showing no significant voids or
roughness . The material appears compact and well-formed, with min-
imal internal porosity or surface irregularities. Fig. 4(b) also reveals a
similarly smooth surface but with some visible cracks or fractures,
suggesting a certain degree of brittleness or vulnerability to structural
damage. Despite these imperfections, the surface remains relatively flat
and solide. In Fig. 4(c), chitosan exhibits slight folding, imparting a
fibrous or layered appearance while still maintaining the smoothness
observed in the previous images [120]. The SEM images of raw avocado
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Fig. 4. SEM images of a, b,c)Chitosan, d,e,f) ) Avocado pits, g,h,i) ACAP, jk,]) CS@ACAP.

pits (Fig. 4d, e, F) reveal a rough, irregular surface morphology with
visible fibrous textures, emphasizing the natural composition of the
material. In Fig. 4(d), the avocado pits display a relatively dense struc-
ture, with irregular surface bumps and slight roughness, characteristic of
the fibrous and cellular nature of the material. The surface texture does
not display significant porosity, but there are regions where the material
appears less compact, which could serve as potential sites for further
processing or modification. Fig. 4(e), the avocado pits’ structure shows
more complexity, with some areas appearing slightly porous or granu-
lated, suggesting a more intricate internal structure that might not be
fully visible at lower magnifications . The surface remains predomi-
nantly rough and uneven, with minimal void spaces. Fig. 4(f) reveals
larger cavities or voids in the material, indicating a more porous region.
The SEM images of activated carbon derived from avocado pits Fig. 4 (g,
h, i) show a dramatic transformation in surface morphology compared to
the raw material. Fig. 4(g) presents a rough and fractured surface, with
significant texture and heterogeneity, indicating the effect of the acti-
vation process [121]. This fracturing is a result of the thermal or
chemical treatment used to create activated carbon, which increases the
surface area and develops a more porous structure [122]. The once

10

compact structure of the raw avocado pits has been broken down, and
voids have started to appear, signaling the creation of micro- and mes-
opores essential for enhancing the material’s surface characteristics. In
Fig. 4(h), the surface appears even more porous, with a highly irregular
and complex texture that suggests a significant increase in surface area.
The rough, granular appearance indicates the formation of small chan-
nels or void spaces. Fig. 4 (i) reveals a network of well-defined pores and
cavities, showcasing the success of the activation process in creating a
material with a high surface area and extensive pore structure. The SEM
images of the CS@ACAP composite Fig. 4 (j, k, 1) illustrate the successful
integration of the two materials, resulting in a complex and synergistic
surface morphology. Fig. 4(j), the composite shows a more compact
structure than the activated carbon alone, with the smoothness of chi-
tosan binding the activated carbon particles together. The surface still
maintains some roughness, but the chitosan appears to fill in some of the
voids or cracks, creating a more cohesive material. Fig. 4(k) further
reveals a rough, porous texture, like the activated carbon, but with fewer
large pores than in the pure activated carbon; The presence of chitosan
appears to smooth out some of the larger voids, creating a more uniform
surface while still allowing for the retention of smaller pores essential for
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the composite’s function . Finally, Fig. 4(l) displays a highly inter-
connected structure, where the smooth, fibrous nature of chitosan
merges with the porous, granular texture of activated carbon. This
composite material combines the structural integrity of chitosan with
the high surface area of activated carbon, making it particularly
well-suited for MB adsorption.

6.3. Energy dispersive X-ray spectroscopy

The Energy Dispersive X-ray Spectroscopy (EDS) analysis provides
valuable insight into the elemental composition of the materials used in
this study, namely chitosan, avocado pits, ACAP, and the CS@ACAP
composite. The EDS spectrum of pure chitosan Fig.5(a) indicates a car-
bon content of 58.78 % by mass and 65.51 % by atom, with oxygen
making up 41.22 % by mass and 34.49 % by atom, which is consistent
with its polymeric structure rich in carbon and oxygen. For the raw
avocado pits Fig.5(b), the carbon content significantly increases to 77.35
% by mass and 81.97 % by atom, while the oxygen content decreases to
22.65 % by mass and 18.03 % by atom, reflecting the natural lignocel-
lulosic composition of the plant material. After the activation process
Fig.5(c), the carbon content of the avocado pits further rises to 83.16 %
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by mass and 86.81 % by atom, while oxygen decreases to 16.84 % by
mass and 13.19 % by atom, indicating the removal of volatile compo-
nents and the enhancement of carbon content, a typical outcome of the
carbon activation process. Finally, the composite material of chitosan
with activated carbon from avocado pits Fig.5(d) shows a balanced
elemental composition with 63.18 % carbon by mass and 69.56 % by
atom, while oxygen increases slightly to 36.82 % by mass and 30.44 %
by atom, compared to the activated carbon alone. This suggests suc-
cessful integration of chitosan with the activated carbon.

6.4. Adsorption/desorption analysis with N, (BET)

The provided data offers a detailed comparison of the textural
properties of activated carbon derived from avocado pits (ACAP) and the
same material modified with chitosan (CS@ACAP), analyzed through
nitrogen adsorption-desorption isotherms, pore size distribution, and
BET analysis. The nitrogen adsorption-desorption isotherms (Fig. 6a)
demonstrate the mesoporous nature of both materials, as they exhibit
Type IV isotherms, which are typical of materials with a substantial
number of mesopores (pore size range of 2-50 nm) [123]. ACAP, shows
higher nitrogen adsorption capacity than CS@ACAP across the entire
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Fig. 6. a) Brunauer-Emmett-Teller (BET): nitrogen adsorption-desorption isotherms, b) pore distribution for ACAP, CS@ACAP.

range of relative pressures. This indicates that ACAP has more accessible
pore volume, allowing for greater nitrogen uptake. At low relative
pressures (P/P° < 0.2), the sharp rise in nitrogen adsorption for ACAP is
associated with the filling of micropores, while the gradual increase at
higher pressures reflects the adsorption in mesopores. The hysteresis
loop seen in ACAP is more pronounced, suggesting the presence of larger
mesopores where capillary condensation occurs. In contrast, CS@ACAP
shows a lower nitrogen adsorption capacity, with a smaller hysteresis
loop, implying that the chitosan modification reduces the volume of
accessible pores, especially larger mesopores, possibly by partially
blocking these pores.

The pore size distribution (Fig. 6b) provides further insights into the
structural changes induced by the chitosan modification. ACAP displays
a broader pore size distribution with a prominent peak around 8 nm,
indicating the presence of a wide range of mesopores, including some
larger mesopores beyond 10 nm. This broader distribution corresponds
to the higher nitrogen uptake observed in the isotherms, confirming that
ACAP contains a diverse set of pore sizes contributing to its larger pore
volume.

In contrast, CS@ACAP exhibits a narrower pore size distribution,
with a sharper and more pronounced peak around 8 nm. The reduction
in the number of larger mesopores, coupled with the more uniform
distribution of smaller mesopores, suggests that the chitosan coating
alters the pore structure by eliminating or blocking larger mesopores
and concentrating the remaining pores in the mesopore range. This
structural modification results in a more uniform pore structure, which
likely contributes to the reduced pore volume observed for CS@ACAP in
the isotherms. However, despite the reduction in pore volume, the
enhanced uniformity and specific pore characteristics of CS@ ACAP may
contribute to its superior adsorption capacity compared to ACAP.

Table 3 quantifies these observations, providing specific values for
surface area, pore volume, and average pore size. CS@ACAP exhibits a
significantly higher BET surface area (176.893 m?/g) compared to ACAP
(110.678 m?/g). The increase in surface area after chitosan modification
is likely due to the creation of additional surface-active sites or the
exposure of previously inaccessible areas of carbon material. Despite the

Table 3
Specific surface area and pore size distribution, ACAP, CS@ACAP.

Materials BET Surface Area (m?/g) Pore Volume (cm®/g) Pore Size (nm)
ACAP 110.678 0.009012 5.98374
CS@ACAP 176.893 0.007012 4.992345
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higher surface area, CS@ACAP shows a lower pore volume (0.007012
cm®/g) compared to ACAP (0.009012 cm®/g), which indicates that the
chitosan modification reduces the overall pore capacity. This reduction
in pore volume, coupled with the smaller average pore size (4.99 nm for
CS@ACAP versus 5.98 nm for ACAP), suggests that the chitosan coating
blocks some of the larger mesopores or narrows their openings, thus
reducing the overall pore volume. The decrease in average pore size
further supports the idea that chitosan primarily affects the mesopores,
creating a more uniform but smaller pore structure.

6.5. X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis of chitosan, activated carbon
from avocado pits (ACAP), and the CS@ACAP composite provides key
structural insights. The XRD pattern of chitosan (Fig. 7a) displays two
prominent peaks at 9.83° and 21.39°, indicating its semi-crystalline
nature. The peak at 9.83° is attributed to the hydrated state of chito-
san and intermolecular hydrogen bonding, while the peak at 21.39°
corresponds to the amorphous regions of the polymer [124]. The
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Fig. 7. XRD Spectra of a,) Chitosan CS, b) Activated carbon avocado pits ACAP,
C) Chitosan@ Activated carbon avocado pits CS@ACAP.
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Table 4
ANOVA Analysis for Methylene Blue Removal (MB).
Source Sum of Df  Mean F-value p-value
Squares Square

Model 8131.08 9 903.45 435.60 <
0.0001

A-HS04 4345.45 1 4345.45 2095.15 <
0.0001

B-Time of 2065.64 1 2065.64 995.94 <

Activation 0.0001

C-Temperature 1016.55 1 1016.55 490.13 <
0.0001

AB 93.80 1 93.80 45.23 0.0003

AC 29.05 1 29.05 14.01 0.0072

BC 106.50 1 106.50 51.35 0.0002

A? 68.60 1 68.60 33.07 0.0007

B? 48.28 1 48.28 23.28 0.0019

(& 317.87 1 317.87 153.26 <
0.0001

Residual 14.52 7 2.07

Lack of Fit 14.09 3 4.70 43.87 0.0016

Pure Error 0.4282 4 0.1071

Cor Total 8145.60 16

activated carbon from avocado pits (ACAP) (Fig. 7b) exhibits a broad
diffraction peak around 20.81°, indicating its predominantly amorphous
structure, typical of disordered carbon materials with weak graphitic
ordering. In the CS@ACAP composite (Fig. 7c), the XRD pattern displays
two broad peaks: one at 9.83°, similar to pure chitosan, and another at
20.90°, slightly shifted from the ACAP peak. This pattern confirms the
successful coating of chitosan onto the carbon surface, with the peak
shift suggesting a mild interaction between chitosan and the carbon
matrix. The broadness of the peaks in the composite indicates that the
structure remains primarily amorphous, with some contributions from
the semi-crystalline regions of chitosan.

7. Optimization results
7.1. Analysis of variance (ANOVA)

The analysis of variance (ANOVA) results valuable insights into the
influence of various factors on the response variable, demonstrating a
statistically significant relationship between the independent variables
and the outcome of interest. Table 4 shows that the model demonstrates
a total sum of squares of 8145.60, with a remarkably low residual sum of
squares of 14.52, suggesting that the model effectively captures a sub-
stantial portion of the variance in the data. The overall F-value of
435.60, accompanied by a p-value of <0.0001 [125], confirms the sig-
nificance of the model itself, indicating that at least one of the factors or
their interactions has a meaningful impact on the response variable.
Focusing on the individual factors, sulfuric acid concentration (A)
emerges as the most significant variable, with a sum of squares of
4345.45, an F-value of 2095.15, and a p-value of <0.0001. This finding
underscores the critical role that sulfuric acid concentration plays in
shaping the outcome, suggesting that variations in its level can lead to
significant changes in the response variable. Similarly, activation time
(B) shows a significant effect, with an F-value of 995.94 and a p-value of
<0.0001.Temperature (C) also demonstrates a notable influence, with
an F-value of 490.13 and a corresponding p-value of <0.0001. These
results collectively highlight the importance of these factors in the
overall process under investigation. Additionally, the interaction effects
between these factors provide deeper insights into the system’s

MBRemoval(%)= 40.58 + —23.3063A + 16.0687B + 11.2725C + 4.8425AB + 2.695AC+

5.16BC + 4.03625A%+3.38625B2+8.68875C>
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Table 5
statistical parameters and model performance for the removal of Methylene
Blue.

Std. Dev. 1.44 R? 0.9982

Mean 48.16 Adjusted R? 0.9959

CV. % 2.99 Predicted R? 0.9722
Adeq Precision 73.6985

complexity. Notably, the interaction between sulfuric acid concentra-
tion and activation time (AB) is significant, with an F-value of 45.23 and
a p-value of 0.0003, suggesting that the combined effects of these two
factors are crucial for understanding the response variable. Similarly,
the interactions between sulfuric acid concentration and temperature
(AQ), and between activation time and temperature (BC), are significant,
with F-values of 14.01 and 51.35, respectively, and p-values indicating
strong interaction effects. The quadratic effects of these factors, repre-
sented by A?, B? and C2 also make substantial contributions to the
model, with p-values of <0.0001, 0.0019, and 0.0001, respectively. This
suggests that not only do the linear effects of the factors influence the
response variable, but their squared effects also play a critical role in
determining the outcome, highlighting potential nonlinear relationships
within the data. Additionally, the residual analysis reveals a lack of fit,
with an F-value of 43.87 and a p-value of 0.0016, indicating that while
the model is significant, there may be some unexplained variability.

The statistical summary, as illustrated in Table 5, indicates a strong
fit to the data, as evidenced by the R? value of 0.9982. This high R? value
suggests that approximately 99.82 % of the variability in the response
variable can be explained by the independent variables and their in-
teractions included in the model [89]. Additionally, the adjusted R?
value of 0.9959 further reinforces the model’s robustness by accounting
for the number of predictors, indicating that the model remains reliable
even with the inclusion of multiple factors. The mean of the response
variable is 48.16, providing a central tendency around which the data
points are clustered. The standard deviation of 1.44 reflects a relatively
low variability within the dataset, which, in conjunction with a coeffi-
cient of variation (C.V. %) of 2.99, indicates that the data points are
tightly grouped around the mean. This low C.V. further confirms the
precision of the measurements, and the consistency of the data collected.
The predicted R? value of 0.9722 suggests that the model has good
predictive capabilities, meaning it can accurately predict responses for
new observations not included in the model fitting [126]. Finally, the
Adequate Precision value of 73.6985 indicates an excellent
signal-to-noise ratio, demonstrating that the model is suitable for navi-
gating the design space effectively.

Eq. (16) for methylene blue (MB) removal efficiency ( %) demon-
strates the influence of three key factors: H2SO4 concentration (A),
activation time (B), and activation temperature (C). The constant value
of 40.58 represents the baseline MB removal when all variables are at
zero. A negative coefficient for H2SO. concentration indicates that
increasing acid concentration leads to a decrease in MB removal effi-
ciency. In contrast, the positive coefficients for activation time and
activation temperature suggest that both factors enhance MB removal.
The interaction terms (AB, AC, BC) show that the combined effects of
these variables also contribute to the overall removal, with positive
values indicating synergies. Furthermore, the quadratic terms for each
variable (A2, B? C?) demonstrate nonlinear effects, particularly for
temperature (C? = 8.69), which has the strongest positive influence on
MB removal at higher levels.

(16)
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7.2. Normal probability plot of residuals

The analysis of the regression model’s performance includes several
diagnostic plots that assess the adequacy and reliability of the model.
Fig. 8a The Normal Plot of Residuals shows that the residuals are
approximately normally distributed, as indicated by their close align-
ment with the red diagonal line, a key assumption in regression analysis
[127] . Fig. 8b The Residuals vs. Run plot indicates no systematic bias,
with residuals fluctuating around zero and remaining within the
acceptable limits, suggesting effective modeling without evidence of
autocorrelation. Fig. 8c The Box-Cox plot aids in identifying the optimal
power transformation to stabilize variance and enhance normality,
revealing an optimal A value of approximately 1.3174 for minimizing
the residual sum of squares (RSS). Lastly, Fig. 8d the Predicted vs. Actual
plot illustrates a strong correlation between predicted values and actual
observations, with points closely clustered around the diagonal line,
indicating the model effectively captures the underlying relationships in
the data.

7.3. Response surface analysis and contour plot

The 3D surface plots illustrate the interaction effects of sulfuric acid
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concentration (H2S0.), activation time, and temperature on Methylene
Blue (MB) removal, each exhibiting distinct trends. In Fig. 9(a), the
interaction between sulfuric acid concentration (A) and activation time
(B) demonstrates contrasting effects. As H.SO4 concentration increases,
MB removal decreases, suggesting that higher acid concentrations may
negatively affect the adsorption capacity, potentially due to over-
etching or surface damage at elevated acid levels. However, as activa-
tion time increases, MB removal improves significantly, indicating that
longer activation times facilitate the development of surface properties
conducive to MB adsorption. This trend is reinforced by the contour plot,
which shows the highest MB removal occurring at lower acid concen-
trations combined with longer activation times.

Fig. 9(b) explores the interaction between H2SO4 concentration (A)
and activation temperature (C), revealing similar trends regarding the
acid’s negative effect on MB removal. As H2SO4 concentration rises, MB
removal decreases, indicating that excessive acid treatment may reduce
the adsorbent’s efficiency. Conversely, activation temperature exhibits a
positive correlation with MB removal. As temperature increases, MB
removal improves, suggesting that higher activation temperatures
enhance the material’s porosity or surface activity, facilitating better
adsorption. The contour plot clearly demonstrates that higher temper-
atures favor MB removal, particularly when combined with lower acid
concentrations.

Fig. 9(c) represents the interaction between activation time (B) and
activation temperature (C), with both factors positively influencing MB
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removal. As activation time increases, MB removal efficiency improves, and adsorption efficiency. The combined effect of longer activation
suggesting that prolonged activation enhances the adsorbent’s proper- times and higher temperatures results in the highest MB removal rates,
ties. Similarly, increasing activation temperature further enhances MB as reflected in both the surface and contour plots.

removal, indicating that higher temperatures improve surface activation

15
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Fig. 10. (a) optimization of parameters ,(b)the desirability plot.

7.4. Optimization desirability function

The figures Fig. 10(a,b), and Fig. 12 represent an integrated
approach to optimizing methylene blue (MB) removal from a solution,
utilizing the Box-Behnken Design (BBD)methodology with three critical
factors: H2SO4 concentration (A), activation time (B), and temperature
(C). Each factor’s effect is clearly illustrated in the response plots of
Fig. 10(a), where the individual influence of these parameters on MB
removal is visualized. The plots show that an H2SO4 concentration of 3
(N), activation time of 24 h, and temperature of 392.923 °C are the most
favorable conditions, resulting in an MB removal efficiency of 87.1767
%. The red dots pinpoint the optimal values for each factor, emphasizing
how these conditions contribute to the effective removal of the dye. In
Fig. 10(b), the desirability plot highlights the optimization’s success,
with each factor receiving a desirability score of 1. This perfect score
indicates that the chosen levels of H2.SO4 concentration, activation time,
and temperature combine to provide the best possible outcome for MB
removal, maximizing the performance of the process. The combined
desirability is also marked at 1, further confirming the effectiveness of
these optimized parameters. Fig. 11 presents 3D cube plots, visually
depicting both the desirability and the predicted MB removal outcomes.
In the desirability cube, the optimal conditions are represented by a high
desirability of 1 at the central region of the design space, showing how
the parameter combination maximizes desirability. The MB removal
cube demonstrates that under the same conditions, a predicted removal
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efficiency of 87.1767 % is achieved. These visualizations reinforce that
the optimization process was successful in identifying the best condi-
tions for MB removal, with a strong agreement between the predicted
results and the actual experimental desirability.

8. Adsorption study
8.1. Effect of contact time

Fig. 12 shows the Methylene Blue (MB) removal efficiency over time
for both activated carbon from avocado pits (ACAP) and CS@ACAP.
Initially, the adsorption rate for both materials is rapid, especially dur-
ing the first 40 min. This can be attributed to the high availability of
active sites on the surface of the adsorbents, which facilitates efficient
MB adsorption [128]. During this phase, MB molecules readily bind to
the free adsorption sites, leading to a sharp increase in removal effi-
ciency. As time progresses, the adsorption rate slows for both materials
as the active sites become increasingly occupied, and the system ap-
proaches equilibrium. For the CS@ACAP composite, this slowdown
occurs after reaching nearly 100 % MB removal around 120 min,
whereas for avocado pits activated carbon, the process continues more
gradually, stabilizing at around 80 % MB removal after 180 min. This
slower phase reflects the decreasing availability of active sites and the
difficulty for MB molecules to access the remaining unoccupied sites
[129].
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Fig. 11. 3D cube plots.
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8.2. Modeling of adsorption kinetic

The adsorption kinetics of methylene blue (MB) onto activated car-
bon from avocado pits (ACAP) and the chitosan@activated carbon
composite (CS@ACAP) were thoroughly examined using two prominent
kinetic models: the pseudo-first-order and pseudo-second-order models.
These models were chosen based on their ability to describe different
types of adsorption mechanisms, and their application is crucial for
understanding the nature of the adsorption process and the interactions
between the adsorbate (MB) and the adsorbent (ACAP and CS@ACAP).
As illustrated in Fig. 13 and summarized in Table 6, both models were
applied to the experimental data, and their fitting results provided
critical insights into the adsorption mechanisms, as well as the suit-
ability of these models to describe the adsorption process. The pseudo-
first-order kinetic model, developed by Lagergren, is commonly used
to describe adsorption processes where the rate of adsorption is assumed
to be proportional to the difference between the equilibrium adsorption
capacity and the amount adsorbed at any given time. This model as-
sumes that the adsorption sites are homogeneously distributed across

Table 6
Kinetic parameters for MB adsorption.

Kinetic Pseudo-First-Ordre Pseudo-Second-Ordre
Model
Adsorbents  R? kq qeme(mg/  R? ko (g/mg. Qethe
(min™}) g min) (mg/
8)
ACAP 0.905 0.02175  66.87 0.964  0.0000421 106.5
CS@ACAP 0.8544  0.03222  87.54 0.983 00,000,668  289.9

the adsorbent surface and that the process is mainly driven by physical
interactions between the adsorbate and the adsorbent. When applied to
the adsorption of MB onto ACAP and CS@ACAP, the fitting results
revealed important characteristics of the adsorption kinetics. For ACAP,
the R? value was found to be 0.905, indicating that the pseudo-first-
order model could reasonably describe the adsorption kinetics, but
with some limitations. On the other hand, for CS@ACAP, the R? value
was slightly lower at 0.8544, suggesting that while the pseudo-first-
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Fig. 13. (a) Pseudo-first-order model (b) Pseudo-second-order model for BM Removal.
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order model captured the general trend of the adsorption process, it was
less effective in accurately fitting the experimental data for the com-
posite adsorbent. These relatively moderate R? values point to the fact
that the pseudo-first-order model is not the most suitable model for
describing the adsorption of MB onto both ACAP and CS@ACAP, espe-
cially for the composite material, where additional interactions between
the dye and functional groups on the chitosan surface may be influ-
encing the adsorption process. Further analysis of the rate constant (ki)
and equilibrium adsorption capacity (qe) values for the pseudo-first-
order model, as presented in Table 6, provided additional information
on the adsorption behavior of the two adsorbents. For ACAP, the qe
value was determined to be 66.87 mg/g, while for CS@ACAP, the qe
value was higher at 75.54 mg/g. These values indicate that the com-
posite adsorbent (CS@ACAP) has a higher equilibrium adsorption ca-
pacity than ACAP, likely due to the enhanced surface area and functional
groups introduced by the chitosan component. Additionally, the ki
values indicated that CS@ACAP exhibited a faster initial adsorption rate
(0.03222 min™') compared to ACAP (0.02175 min™), suggesting that
CS@ACAP may have a higher affinity for MB at the early stages of
adsorption. However, the moderate R? values and the deviation from the
experimental data highlight that the pseudo-first-order model is less
suitable for accurately modeling the adsorption kinetics, particularly for
CS@ACAP. In contrast, the pseudo-second-order kinetic model, which is
often employed to describe chemisorption processes where the rate of
adsorption is governed by the chemical interaction between the adsor-
bate and adsorbent, provided a much better fit to the experimental data.
The pseudo-second-order model assumes that the adsorption rate is
proportional to the square of the difference between the equilibrium
adsorption capacity and the amount adsorbed at any given time. This
model is particularly effective when the adsorption involves chemi-
sorption, such as electron sharing or transfer between the adsorbent and
adsorbate, and is more applicable for systems where the adsorption
capacity increases significantly with time. As shown in Fig. 13(b), the
linear fits for both ACAP and CS@ACAP to the pseudo-second-order
model exhibited much higher R? values, with R*> = 0.964 for ACAP
and R* = 0.983 for CS@ACAP. These high R? values suggest that the
pseudo-second-order model provides an excellent description of the
adsorption kinetics for both adsorbents, and it is a far superior fit
compared to the pseudo-first-order model. This indicates that the
adsorption of MB onto both ACAP and CS@ACAP is likely governed by
chemisorption processes, where the interaction between the MB mole-
cules and the adsorbent surface involves chemical bonds rather than
purely physical forces. The superior fit of the pseudo-second-order
model was further confirmed by the analysis of the equilibrium
adsorption capacity (qe) and rate constant (kz) values, as shown in
Table 6. For the pseudo-second-order model, the qe value for CS@ACAP
was significantly higher (289.9 mg/g) compared to ACAP (106.5 mg/g),
indicating that CS@ACAP exhibits a much higher adsorption capacity
for MB. This suggests that the composite adsorbent, likely due to its
higher surface area and the presence of functional groups from chitosan,
facilitates more efficient adsorption. Furthermore, the k2 values for the
pseudo-second-order model were also higher for CS@ACAP (0.0000668
g/mg-min) than for ACAP (0.0000421 g/mg-min), indicating that the
composite adsorbent also achieves faster adsorption rates, further sup-
porting the notion that CS@ACAP is a more efficient adsorbent for MB
removal. The improved fit of the pseudo-second-order model, along with
the higher adsorption capacity and faster adsorption rate observed for
CS@ACAP, suggests that the adsorption process is not only more effi-
cient but also governed by a more complex mechanism, likely involving
chemisorption, where electron transfer or sharing between the adsor-
bate and adsorbent plays a critical role .The choice of the pseudo-first-
order and pseudo-second-order models is justified based on the nature
of the adsorption process. The pseudo-first-order model was initially
applied because it is widely used to describe adsorption processes where
the adsorption rate is proportional to the difference between the equi-
librium adsorption capacity and the amount adsorbed over time.
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However, the pseudo-first-order model is generally more suited for
physical adsorption processes and may not account for the complex in-
teractions that occur in chemisorption. Given the higher R? values ob-
tained for the pseudo-second-order model and the substantial
differences in adsorption capacities for ACAP and CS@ACAP, it is clear
that the adsorption of MB onto both adsorbents is more accurately
described by the pseudo-second-order model, which accounts for the
chemical nature of the interactions involved. This suggests that the
adsorption of MB onto both ACAP and CS@ACAP is governed by a
chemisorption process, likely involving strong interactions between the
dye molecules and the adsorbent surfaces, including electrostatic forces,
hydrogen bonding, and potentially n-x interactions. The better fit of the
pseudo-second-order model and the higher adsorption capacities
observed for CS@ACAP further emphasize the potential of this com-
posite material as an effective adsorbent for MB removal in wastewater
treatment applications, where enhanced adsorption performance is
critical.

8.3. Effect of mass

Fig. 14 highlights the impact of adsorbent mass on the efficiency of
methylene blue (MB) removal for both avocado pit-activated carbon
(ACAP) and the chitosan-based composite CS@ACAP. The results indi-
cate that increasing the adsorbent mass enhances the removal efficiency
for both materials, though their optimal masses differ. Specifically, the
CS@ACAP composite exhibits a steep increase in MB removal efficiency,
achieving nearly complete removal (=100 %) at an optimal mass of 0.08
g. This behavior is attributed to the composite’s improved surface
characteristics and the presence of additional active sites contributed by
chitosan. However, beyond this optimal mass, further increases in
adsorbent mass yield diminishing returns, as the active sites become
saturated, reducing the availability of binding sites for MB molecules
[88]. Essentially, once the available binding sites are fully occupied, the
addition of more adsorbent leads to a diminishing return on removal
efficiency, as excess adsorbent cannot increase the number of available
sites.In contrast, the avocado pits activated carbon (pink squares) shows
amore gradual increase in MB removal efficiency. While its performance
improves with increasing mass, the optimal removal is achieved at a
higher mass of 0.12 g, where it also approaches maximum removal ef-
ficiency. This difference in optimal mass suggests that the activated
carbon derived from avocado pits requires a larger quantity to reach
similar removal efficiency as the composite. The CS@ACAP composite,
due to its improved surface area and active sites, achieves optimal
adsorption at a lower mass, indicating higher adsorption efficiency.
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After the optimal mass for both materials is reached, the removal effi-
ciency plateaus, signifying that most MB molecules have been adsorbed,
and additional mass does not contribute significantly to further removal
because the remaining unoccupied sites become fewer, and the likeli-
hood of MB molecules finding these sites diminishes [130].

8.4. Effect of pH and point of zero charge (pHpzc)

The adsorption behavior of Methylene Blue (MB) on activated carbon
derived from avocado pits and the CS@ACAP composite was strongly
influenced by the pH of the solution in relation to the point of zero
charge (pHpzc) of each adsorbent [131]. The pHpzc is a critical
parameter that determines whether the surface of the adsorbent will
carry a positive or negative charge at a given pH, which, in turn, affects
its ability to absorb charged molecules such as MB. Fig. 15(a) shows that
the pHpzc of the material before activation was found to be 5.2, which
served as a reference point, though its adsorption performance was not
evaluated across different pH levels. The focus of the study was on the
activated carbon (pHpzc = 3.96) and CS@ACAP composite (pHpzc =
5.4).

Fig. 15b shows that at pH values lower than the pHpzc of each ma-
terial, the adsorbent surfaces are positively charged, leading to elec-
trostatic repulsion between the positively charged MB molecules and the
adsorbent surface. This reduces adsorption efficiency, as observed at
lower pH values, where both activated carbon and CS@ACAP exhibit
reduced MB removal. For instance, at pH 2, the removal efficiency was
relatively low for both activated carbon ACAP (50.89 %) and CS@ACAP
(61.78 %) due to the dominant positive charge on the adsorbent sur-
faces. As the pH increases and exceeds the pHpzc, the surface charge of
the adsorbents becomes negative, allowing electrostatic attraction be-
tween the negatively charged adsorbent surface and the positively
charged MB molecules [131]. This leads to a marked increase in
adsorption efficiency. For activated carbon, this transition occurs at pH
values above 3.96, while for CS@ACAP, it occurs above 5.4. The
adsorption efficiency increases significantly as the pH rises, with the
highest removal percentages achieved at pH 10, where CS@ACAP
removed 98.78 % of MB, compared to 90.78 % for activated carbon. This
enhanced performance of CS@ACAP can be attributed to the presence of
additional functional groups, such as amino and hydroxyl groups from
chitosan, which further contribute to the adsorption capacity by
providing more active sites for interaction with MB. The behavior of the
adsorbents across different pH values underscores the importance of
surface charge in adsorption processes. At pH values below the pHpzc,
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the adsorbents are less effective due to electrostatic repulsion, but at pH
values above the pHpzc, adsorption efficiency is significantly improved
due to electrostatic attraction.

8.5. Effect of concentration

The influence of initial methylene blue (MB) concentration on
removal efficiency was thoroughly investigated using both avocado pits
activated carbon and CS@ACAP composite as illustrated at Fig. 16. At
lower concentrations, specifically within the range of 25 to 50 mg/L,
both adsorbents exhibited remarkable removal efficiencies, nearing 100
%. This high efficiency at lower concentrations suggests that the avail-
able adsorption sites on the surfaces of both materials were ample
enough to accommodate most of the MB molecules present. However, as
the initial concentration of MB increased, a noticeable decline in
removal efficiency was observed for both adsorbents. The avocado pits
activated carbon demonstrated a significant reduction in performance,
with removal efficiency plummeting to approximately 35-40 % at an
initial concentration of 200 mg/L. This decline indicates that the
adsorption sites on the activated carbon surface became saturated and
were unable to effectively capture MB molecules at elevated concen-
trations [132]. In contrast, the CS@ACAP composite exhibited superior
performance throughout the concentration range, maintaining higher
removal efficiencies compared to its pure counterpart. At an initial
concentration of 100 mg/L, the composite achieved around 75 %
removal efficiency, while the pure activated carbon only managed about
60 %. Even at the highest concentration tested (200 mg/L), the com-
posite retained an efficiency of approximately 50 %, significantly out-
performing the 30 % efficiency recorded for the activated carbon alone.
The enhanced adsorption capacity of the CS@ACAP composite can be
attributed to the presence of chitosan, which not only introduces addi-
tional functional groups but also provides more active adsorption sites,
enabling the composite to effectively capture a greater number of MB
molecules even as the concentration increases.

8.6. Modeling of adsorption isotherms

The adsorption behavior of activated carbon derived from avocado
pits (ACAP) and chitosan-modified activated carbon (CS@ACAP) was
extensively studied using two well-known adsorption models: the
Langmuir and Freundlich isotherms. These models provide a deeper
understanding of the interaction between the adsorbents and methylene
blue (MB) dye molecules in aqueous solutions. The experimental results,
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process for both adsorbents is predominantly monolayer, with adsorp-
Table 7 . . . tion sites on both materials being uniformly distributed. The high R?
Parameters for Langmuir and Freundlich Isotherm Models for MB Adsorption. o .. ey . .
values indicate minimal to no significant interaction between adsorbed
Langmuir Freundlich molecules, which aligns with the assumption of independent adsorption
Adsorbents  Qm(mg/ Ki(L/ R2 Kp(mg.g- 1/np R2 sites in the Langmuir model. A key parameter for evaluating the per-
g) mg) 1) formance of an adsorbent is the maximum adsorption capacity (Qm),
ACAP 40.2 371 0.999  25.98 0.1738 0738 which represents the amount of MB that can be adsorbed onto a unit
CS@ACAP  81.0 0.661 0.996  45.3 0.2939  0.938

as illustrated in Fig. 17a and b and summarized in Table 7, reveal critical
insights into the efficiency, mechanisms, and characteristics of both
adsorbents in removing MB from contaminated water. The Langmuir
isotherm model assumes adsorption occurs on a surface that is ener-
getically uniform, where each adsorption site is identical and capable of
holding only one molecule of the adsorbate. Both ACAP and CS@ACAP
show excellent fits to the Langmuir model, with R? values of 0.999 and
0.996, respectively. These high R? values suggest that the adsorption

mass of adsorbent at saturation. The Qm for CS@ACAP is 81.0 mg/g,
which is more than double the Qm of ACAP, which is 40.2 mg/g. This
stark difference suggests that the modification of activated carbon with
chitosan significantly enhances its adsorption capacity. The increased
Qm for CS@ACAP can be attributed to the additional functional groups
introduced by chitosan, such as amino (-NHjy) and hydroxyl (-OH)
groups. These groups not only increase the number of active sites
available for adsorption but also create favorable conditions for the
interaction with MB molecules, thereby improving the overall efficiency
of the adsorption process. Although CS@ACAP exhibits a superior
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adsorption capacity, the Langmuir constant (Ki), which quantifies the
adsorption energy or affinity between the adsorbent and the adsorbate,
is higher for ACAP (3.71 L/mg) than for CS@ACAP (0.661 L/mg). This
discrepancy suggests that the unmodified activated carbon has a stron-
ger affinity for MB molecules per site, implying that the adsorbent-
material interaction is more intense at each individual site on ACAP
compared to CS@ACAP. The lower K|, value for CS@ACAP may reflect
that, while it can adsorb a larger quantity of MB, the strength of each
interaction is somewhat weaker than the unmodified activated carbon,
which might have a greater electrostatic attraction for MB molecules at
each binding site.The Freundlich isotherm, on the other hand, assumes
that adsorption occurs on a heterogeneous surface, where adsorption
sites differ in energy, and the number of active sites increases with an
increase in adsorbate concentration. The fit to the Freundlich model
provides additional insights into the nature of the adsorbent surface. For
ACAP, the fit to the Freundlich model is moderate, with an R? value of
0.738, indicating a somewhat less pronounced heterogeneity in the
adsorbent’s surface. This is in contrast to CS@ACAP, which shows a
significantly better fit to the Freundlich model (R* = 0.938), suggesting
that the introduction of chitosan has altered the surface properties of the
activated carbon, making it more heterogeneous. The incorporation of
chitosan likely introduces various functional groups that create distinct
types of adsorption sites, contributing to a more complex and varied
adsorption behavior. The Freundlich constant (Kp) represents the
adsorption capacity in the context of the Freundlich model, and a higher
Kr indicates a stronger ability of the adsorbent to hold the adsorbate.
The Ky for CS@ACAP (45.3 mg/g) is significantly higher than that for
ACAP (25.98 mg/g), further supporting the conclusion that CS@ACAP
has a superior adsorption capacity. This finding is consistent with the
results obtained from the Langmuir analysis. Moreover, the adsorption
intensity, denoted by the term 1/nF, indicates the favorability of the
adsorption process. A lower value of 1/nF corresponds to stronger
adsorption, while a higher value indicates weaker adsorption. For
CS@ACAP, 1/nF is 0.2939, which is notably higher than that of ACAP
(0.1738), suggesting that adsorption is more favorable on CS@ACAP.
This higher value reflects the greater heterogeneity of the surface due to
chitosan, which allows for better interactions with the MB molecules.
These models of both the Langmuir and Freundlich isotherms reveals
that CS@ACAP, with its significantly higher maximum adsorption ca-
pacity and superior fit to both models, is a more efficient adsorbent
compared to ACAP. The enhanced adsorption capacity of CS@ACAP can
be attributed to the modification with chitosan, which not only increases
the number of active adsorption sites but also introduces additional
functional groups that improve the adsorbent’s ability to interact with
and adsorb MB molecules. The higher Kg value and the better fit to the
Freundlich model further emphasize the advantages of CS@ACAP,
suggesting that its heterogeneous surface with diverse adsorption sites
plays a critical role in enhancing the efficiency of MB removal. While the
Langmuir constant (K ) for ACAP is higher, indicating a stronger per-site
affinity, the overall performance, as indicated by the higher Qm, is far
superior for CS@ACAP.

The adsorption performance of materials is significantly influenced
by their structural characteristics, such as surface area, pore volume,
and pore size distribution. In this study, we compared the adsorption
capacities of activated carbon (ACAP) and the chitosan-modified com-
posite (CS@ACAP) to evaluate how modifications in their structure
affect their ability to adsorb pollutants. The BET surface area of
CS@ACAP (176.893 m?/g) is significantly higher than that of ACAP
(110.678 m?/g), indicating a larger number of available adsorption sites.
A higher surface area allows for increased interaction with pollutants,
leading to enhanced adsorption. Additionally, although ACAP has a
higher pore volume (0.009012 cm®/g) than CS@ACAP (0.007012 cm?®/
g), the smaller pore size of CS@ACAP (4.99 nm) compared to ACAP
(5.98 nm) is a crucial factor in improving adsorption. Smaller pores in
CS@ACAP help facilitate more controlled diffusion of the adsorbate
molecules, leading to more efficient adsorption within the material.
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Moreover, the presence of functional groups introduced by chitosan
modification, such as amine and hydroxyl groups, further enhances the
composite’s ability to adsorb pollutants. These structural modifications
improve the adsorption kinetics and increase the material’s affinity for
the adsorbate, resulting in a higher maximum adsorption capacity (Qm)
for CS@ACAP (81.0 mg/g) compared to ACAP (40.2 mg/g). Thus, the
combination of a larger surface area, optimized pore structure, and
additional functional groups contributes to the superior adsorption ca-
pacity of CS@ACAP.

8.7. Temperature effect

Fig. 18 shows the influence of temperature on Methylene Blue (MB)
removal efficiency using activated carbon derived from avocado pits
(ACAP) and its composite with chitosan (C@ACAP). For ACAP, the MB
removal decreases as the temperature rises, dropping from 95.67 % at 25
°C to 90.78 % at 55 °C, suggesting an exothermic adsorption process
where higher temperatures weaken physical interactions such as van der
Waals forces [133]. Conversely, the C@ACAP composite shows an in-
crease in removal efficiency, improving from 97.89 % at 25 °C to 99.89
% at 55 °C, indicating a likely endothermic process or enhanced binding
site activity at elevated temperatures.

8.8. Thermodynamic study

The Van’t Hoff plot (Fig. 19) for methylene blue (MB) adsorption
onto avocado pits carbon and CS@ACAP reveals distinct thermody-
namic behaviors for both materials. The linear fit for avocado pits car-
bon (R? = 0.994) in Table 8 indicates an exothermic adsorption process
with a calculated enthalpy change (AHe) of —22.1 kJ/mol. The negative
entropy change (ASe=—50.23 J/mol.K) implies that the adsorption de-
creases system disorder [134], typical for physical adsorption. The Gibbs
free energy (AGe) values are negative at all tested temperatures, con-
firming that the process is spontaneous, becoming more favorable as
temperature increases [135]. In contrast, the adsorption onto CS@ACAP
shows a less pronounced linear fit (R* = 0.895) with an endothermic
enthalpy change (AH.=78.14 kJ/mol). The positive entropy change
(AS.=292.58 J/mol.K) suggests a more disordered system, likely due to
the complex interactions between MB and the composite material [136].
Despite the endothermic nature, the process remains spontaneous at all
tested temperatures, with AGe becoming increasingly negative as tem-
perature rises, reflecting the enhanced favorability of MB adsorption
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Table 8
Thermodynamic Parameters for the Adsorption of MB.
AH°(kJ mol ™) AS*(Imol ' K1) AG°(kJ mol ™)
298 K 308 K 318K
—22.1 —50.23 -7.13 —6.63 —6.13
78.14 292.58 —9.05 —-11.97 —14.90

onto the composite at higher temperatures [137].
9. DFT analysis
9.1. Global reactivity descriptions

The Density Functional Theory (DFT) calculations provide critical
insights into the electronic properties of the studied adsorbents and their
interactions with methylene blue (MB), particularly through the analysis
of the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) energies. The energy gap (Eg),
which is the difference between HOMO and LUMO energies, is a key
parameter that determines the reactivity, stability, and adsorption po-
tential of the materials. A larger Eg signifies higher stability and lower
reactivity, while a smaller Eg indicates enhanced electronic interactions,
making the material more suitable for adsorption processes. Chitosan,
with a relatively wide energy gap of 5.28 eV, demonstrates significant
stability and resistance to electronic deformation, which makes it
structurally robust but less reactive on its own for MB adsorptionindi-
cating strong molecular stability and weak electronic reactivity [138].
This stability, however, is advantageous when combined with more
reactive materials. The highly negative HOMO energy (—5.98 eV) sug-
gests that chitosan has a limited ability to donate electrons, while its
relatively high LUMO energy (—0.70 eV) means it is not highly favorable
for electron acceptance either. This explains why chitosan alone does
not exhibit significant electronic interactions in adsorption. However, its
functional groups, such as hydroxyl (-OH) and amino (-NH2) groups,
contribute to adsorption through hydrogen bonding and electrostatic
interactions rather than electron transfer mechanisms [139]. Activated
carbon (ACAP) presents the smallest energy gap (Eg = 0.66 eV), which
suggests exceptional electronic reactivity. The HOMO at —4.76 eV and
LUMO at —4.10 eV imply that ACAP is highly efficient in electron
transfer processes, facilitating strong charge-transfer interactions with
pollutants like MB. The n-conjugated system of ACAP allows for n-n
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stacking interactions with aromatic molecules, further enhancing its
adsorption capabilities. However, the small energy gap also means that
ACAP is less chemically stable compared to chitosan, making it more
prone to electronic fluctuations [140] , which is crucial for binding
Methylene Blue molecules through mechanisms such as n-n stacking
interactions and electrostatic attraction . The synergy between these
materials becomes most apparent in the composite systems.

Methylene blue (MB), a cationic dye, demonstrates a much smaller
energy gap (Eg = 1.15 eV), with a HOMO energy of —4.37 eV and a
LUMO energy of —3.22 eV. The small energy gap signifies that MB is
highly reactive and can readily participate in electron transfer processes.
The relatively high HOMO energy means MB can easily donate elec-
trons, while the LUMO value indicates its ability to accept electrons,
making it an excellent candidate for adsorption through charge transfer
interactions with suitable adsorbents.

For instance, The CS@ACAP composite exhibits an increased energy
gap (Eg = 1.00 eV) compared to ACAP alone, indicating that the
introduction of chitosan enhances stability while slightly reducing
reactivity. The HOMO (—4.76 eV) and LUMO (—3.76 eV) values suggest
that while the composite retains ACAP’s strong electron transfer capa-
bilities, chitosan’s functional groups contribute additional adsorption
mechanisms, such as hydrogen bonding and electrostatic interactions
[141]. The CS@MB composite has a significantly higher energy gap (Eg
= 2.17 eV) than MB alone, indicating enhanced stability but reduced
electronic reactivity. The HOMO energy (—5.57 eV) suggests weaker
electron-donating ability, while the LUMO energy (—3.40 eV) means
MB’s electron-accepting capacity is slightly diminished. This demon-
strates that chitosan incorporation stabilizes the system but does not
significantly hinder MB’s adsorption efficiency, as alternative mecha-
nisms like hydrogen bonding still contribute [142]. The ACAP@MB
system exhibits a small energy gap (Eg = 1.10 eV), slightly higher than
MB alone but still indicative of high reactivity. The HOMO (—4.74 eV)
and LUMO (—3.64 eV) values suggest that ACAP effectively interacts
with MB via charge transfer and n-n stacking interactions, maintaining
strong adsorption efficiency. Finally, the CS@ACAP@MB composite has
the same energy gap as MB (Eg = 1.15 eV), showing that while the
composite retains MB’s electronic properties, it benefits from the
structural and functional enhancements provided by chitosan and
ACAP. The HOMO (—4.37 eV) and LUMO (—3.22 eV) values confirm
that the material remains highly reactive and well-suited for adsorption
applications.

Fig. 20, Table 9

9.2. Characteristics of global reactivity

Table 10 presents key quantum chemical parameters that provide
deep insights into the reactivity, electronic properties, and adsorption
potential of the studied materials, including chitosan (CS), methylene
blue (MB), activated carbon derived from avocado pits (ACAP), and
their various composites. These parameters hardness (1)), softness (S),
chemical potential (p), electronegativity (x), electrophilicity (@), and
total charge transfer capacity (ANmax) are essential in understanding
the interactions that govern the adsorption of MB onto the synthesized
adsorbents. Hardness (1)) and softness (S) are inversely related properties
that describe the material’s resistance to deformation and its chemical
reactivity, respectively. A high hardness value indicates a rigid and less
reactive structure, whereas higher softness implies greater flexibility
and higher reactivity, which is often favorable for adsorption. Among
the studied materials, chitosan exhibits a relatively high hardness (2.64)
and low softness (0.38), suggesting that it is structurally stable but less
reactive compared to other materials in the study. Its chemical potential
(—3.34) and electronegativity (3.34) indicate a moderate ability to
accept electrons, while its electrophilicity (14.73) is relatively high,
suggesting that it can interact with electron donors such as MB. How-
ever, the total charge transfer (ANmax) value for chitosan (1.27) is
comparatively low, indicating that while chitosan can adsorb MB, the
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Table 9
Electronic Properties and Energy Gap Values CS, MB, ACAP, CS@ACAP,
CS@MB, ACAP @MB, CS@ACAP@MB.

Name of the Molecules HOMO (eV) LUMO (eV) Eg (eV)
CS —5.98 -0.70 5.28
MB —4.37 -3.22 1.15
—4.76 -4.10 0.66
CS@ACAP —4.76 -3.76 1.00
CS@MB —5.57 —-3.40 2.17
ACAP @MB —4.74 -3.64 1.10
CS@ACAP@MB —4.37 -3.22 1.15

extent of electron exchange during the interaction is modest [143]. In
contrast, MB itself exhibits significantly lower hardness (0.575) and
higher softness (1.74), reflecting a more flexible and reactive molecular
structure [144]. Its more negative chemical potential (—3.79) suggests a
greater tendency to donate electrons, while its electronegativity (3.79)
and moderate electrophilicity (4.14) support its ability to establish
strong interactions with electron-accepting adsorbents [145]. Activated
carbon derived from avocado pits (ACAP) stands out as an exceptionally
effective adsorbent, with remarkably low hardness (0.33) and high
softness (3.03), indicating superior reactivity. Its chemical potential
(—4.43) highlights its strong electron-donating ability, and its high
electronegativity (4.43) further confirms its strong interaction potential
with MB molecules. Furthermore, ACAP’s large total charge transfer
capacity (13.42) suggests that it engages in extensive charge exchange
with MB, reinforcing its effectiveness as an adsorbent. The combination
of chitosan and activated carbon in the CS@ACAP composite results in a
material with intermediate hardness (0.5) and increased softness (2),
indicating a synergistic effect where the structural stability of chitosan is
maintained while enhancing the reactivity contributed by activated
carbon. The chemical potential (—4.26) and higher electrophilicity
(4.54) indicate that CS@ACAP has a strong tendency to accept electrons,
thereby improving its adsorption capabilities. Its total charge transfer
capacity (8.52) is significantly higher than that of pure chitosan, sup-
porting its enhanced adsorption efficiency. The CS@MB composite,
formed by the interaction of chitosan with MB, exhibits increased
hardness (1.085) and reduced softness (0.92), reflecting a balanced
structure that retains some stability while allowing reactivity. Notably,
its higher electrophilicity (10.91) suggests a strong ability to accept
electrons from MB molecules, and its total charge transfer capacity
(4.13) supports effective adsorption, likely facilitated through electro-
static interactions and hydrogen bonding between chitosan’s functional
groups and MB. Similarly, the ACAP@MB composite demonstrates a
hardness of 0.55 and softness of 1.82, reflecting a structure that opti-
mally balances stability and reactivity for effective MB adsorption. Its
chemical potential (—4.19) and total charge transfer capacity (7.62)
suggest that it can efficiently facilitate electron exchange with MB,
contributing to enhanced adsorption efficiency. Finally, the CS@A-
CAP@MB composite integrates the properties of chitosan, activated
carbon, and MB, resulting in a material with intermediate hardness
(0.575) and softness (1.743), offering a structure that is stable yet highly
reactive. Its chemical potential (—3.79) and electronegativity (3.79)
confirm its ability to interact effectively with MB, while the total charge
transfer capacity (6.6) suggests substantial electron exchange,

Table 10

Journal of the Taiwan Institute of Chemical Engineers 173 (2025) 106142

reinforcing its capability for efficient MB adsorption. These collectively
indicate that the electronic properties of the studied materials play a
crucial role in governing the adsorption mechanism of MB, with softer
and more reactive materials generally exhibiting stronger adsorption
potentials. The incorporation of activated carbon into the composite
materials significantly enhances their reactivity and charge transfer
capacity, thereby optimizing the adsorption process. By analyzing these
quantum parameters, a more comprehensive understanding of the
adsorption mechanism is achieved, demonstrating how electronic
structure influences the efficiency of dye removal from aqueous
solutions.

9.3. MEP geometries

Fig.21 provides a detailed comparison of the optimized molecular
structures and Molecular Electrostatic Potential (MEP) maps for Chito-
san, Methylene Blue, Activated Carbon, and their combinations, spe-
cifically in the adsorption of Methylene Blue. The first row presents
Chitosan, a naturally occurring biopolymer known for its biocompati-
bility and high adsorption capacity. Its optimized structure shows the
presence of multiple hydroxyl and amine groups, which are potential
active sites for adsorption [146]. The corresponding MEP map for Chi-
tosan reveals negatively charged regions, particularly around the oxy-
gen and nitrogen atoms, indicating areas that are likely to interact with
positively charged species like Methylene Blue [147].

In the second row, Methylene Blue is depicted with its planar
structure, which is common for aromatic dyes. Its MEP map highlights
regions of positive electrostatic potential, making it prone to interaction
with negatively charged adsorbent surfaces [148]. This is crucial, as it
helps explain how Methylene Blue can be adsorbed onto materials like
Chitosan and Activated Carbon due to its charge distribution. Activated
Carbon , is a highly porous material known for its exceptional surface
area and adsorption efficiency [149]. Its optimized structure shows a
stable carbon network, while the MEP map indicates a widespread dis-
tribution of negative charge, confirming its ability to attract and adsorb
positively charged Methylene Blue molecules.

In the fourth row, the composite material Chitosan@Activated Car-
bon is analyzed, showing the combined structural features of both
Chitosan and Activated Carbon. The MEP map for this composite in-
dicates a balanced distribution of both negative and neutral charge re-
gions, suggesting enhanced adsorption properties compared to the
individual materials. This combination leverages the high surface area
of Activated Carbon and the functional groups of Chitosan, creating a
more effective adsorbent for Methylene Blue. The final row presents
Chitosan@Methylene Blue, showing the interaction between Chitosan
and Methylene Blue directly. The MEP map for this system reveals
complex charge distributions, where the positive regions of Methylene
Blue are likely interacting with the negative sites on Chitosan. This
implies that Chitosan can serve as an effective adsorbent for Methylene
Blue due to strong electrostatic attractions.

Additionally, the combination of Activated Carbon Methylene Blue
and Chitosan@Activated Carbon@Methylene Blue is shown. These
combinations further highlight how Methylene Blue’s positive electro-
static potential is effectively neutralized by the negative charge regions
on the adsorbents, emphasizing the synergetic effects of combining

Calculate the physical characteristics of CS, MB, ACAP, CS@ACAP, CS@MB, ACAP @MB, CS@ACAP@MB.

Name of the Molecules n (hardness) S (softness) p (chemical potential)

¥ (electronegativity) ® (electrophilicity) ANmax (total charge transfer)

CS 2.64 0.38 —3.34
MB 0.575 1.74 -3.79
ACAP 0.33 3.03 —4.43
CS@ACAP 0.5 2 —4.26
CS@MB 1.085 0.92 —4.49
ACAP @MB 0.55 1.82 —4.19
CS@ACAP@MB 0.575 1.743 -3.79

3.34 14.73 1.27
3.79 4.14 6.6
4.43 3.24 13.42
4.26 4.54 8.52
4.49 10.91 4.13
4.19 4.83 7.62
3.79 4.14 6.6
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Fig. 21. Optimized structure and MEP Geometry of CS, MB, ACAP, CS@ACAP,
CS@MB, ACAP @MB, CS@ACAP@MB.

Chitosan and Activated Carbon for better adsorption performance. The
results shown in the Fig.21 demonstrate that the combination of Chi-

tosan and Activated Carbon creates a composite material with improved
adsorption efficiency for Methylene Blue.

9.4. Mechanism of adsorption for BM

The adsorption mechanism of methylene blue (MB) onto the
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chitosan@activated carbon (CS@ACAP) composite is governed by a
combination of electrostatic interactions, n-n stacking, n-n interactions,
hydrogen bonding, and surface functional group interactions as showen
at (Fig. 22), all of which play a crucial role in enhancing the adsorption
efficiency and capacity of the composite material. Activated carbon,
known for its extensive surface area and highly porous structure, pro-
vides an ideal platform for dye adsorption due to its n-conjugated sys-
tem, which enables strong n-r interactions with aromatic compounds of
MB. The presence of hydroxyl (-OH) and oxygen-containing functional
groups on activated carbon further enhances its adsorption capabilities
by forming hydrogen bonds with MB molecules, thereby improving the
stability of the adsorbed species. However, despite its high surface area
and chemical reactivity, the adsorption capacity of activated carbon
alone is limited (Qm = 40.2 mg/g), necessitating the incorporation of
chitosan to improve its performance. Chitosan, introduces additional
functional groups such as amine (-NH2) and hydroxyl (-OH), which
significantly enhance electrostatic interactions between the positively
charged MB molecules and the protonated amine groups (-NHs*) of
chitosan, leading to a higher adsorption capacity (Qm = 81.0 mg/g). The
representation of the adsorption mechanism illustrates the crucial role
played by these electrostatic interactions, as the positively charged MB
molecules are strongly attracted to the negatively charged adsorption
sites on the composite. Moreover, the n-n interactions between MB and
the graphitic structure of activated carbon facilitate strong binding,
further stabilizing the adsorbed molecules. Additionally, n-n in-
teractions, which involve the lone-pair electrons of oxygen in MB
interacting with the n-electron system of the composite, provide another
layer of adsorption stability, reinforcing the overall binding strength.
Theoretical calculations further support these interactions, demon-
strating that the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of the composite
facilitate efficient electron transfer, thereby promoting n-n stacking in-
teractions and increasing the overall adsorption efficiency. The inte-
gration of chitosan not only improves the electronic properties of the
composite but also modifies the surface chemistry, creating additional
active sites for MB adsorption. This is evident in the increase in the
energy gap from 0.66 eV (for activated carbon alone) to 1.00 eV (for
CS@ACAP), which indicates a more stable electronic structure condu-
cive to effective dye adsorption. Furthermore, the presence of hydroxyl
and amine functional groups enhances the hydrophilicity of the com-
posite, improving its interaction with aqueous dye solutions and
ensuring a higher affinity for MB molecules. The combination of these
interactions results in a synergistic effect, wherein electrostatic attrac-
tion, n-n stacking, and n-n interactions work in tandem to maximize MB
adsorption efficiency. This synergistic behavior is further corroborated
by experimental findings, which show that the CS@ACAP composite
exhibits a significantly higher adsorption capacity compared to acti-
vated carbon alone, demonstrating the effectiveness of chitosan in
enhancing adsorption performance. The adsorption mechanism is
consistent with these findings, reinforcing the understanding that mul-
tiple intermolecular forces contribute to the superior adsorption capa-
bilities of the composite. Moreover, the ability of chitosan to modify the
electronic properties and surface functionalities of the composite further
supports its role in optimizing adsorption efficiency, making it a highly
promising material for wastewater treatment applications. The superior
performance of CS@ACAP can also be attributed to its ability to facili-
tate multi-site adsorption, wherein MB molecules interact simulta-
neously with multiple functional groups on the composite surface,
leading to enhanced stability and retention of dye molecules. This multi-
site adsorption mechanism is crucial for maximizing the adsorption
capacity and ensuring efficient dye removal from aqueous solutions.
Furthermore, the enhanced adsorption capacity of the composite can be
linked to the improved surface chemistry resulting from the integration
of chitosan, which introduces additional binding sites and increases the
probability of effective MB adsorption. The adsorption mechanism
confirme that the combination of electrostatic interactions, n-n stacking,
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Fig. 22. Mechanism of adsorption of Methylene blue.

7-n interactions, and hydrogen bonding is responsible for the remark-
able adsorption performance of the CS@ACAP composite. The integra-
tion of experimental and theoretical insights provides a comprehensive
understanding of the adsorption mechanism, highlighting the key role
played by functional group interactions and electronic properties in
enhancing dye removal efficiency. By leveraging the unique properties
of both activated carbon and chitosan, the CS@ACAP composite offers a
highly efficient and sustainable solution for MB removal from contam-
inated water. The adsorption kinetics of MB onto CS@ACAP follow a
pseudo-second-order model, suggesting that chemisorption plays a
dominant role in the adsorption process, wherein MB molecules form
strong chemical bonds with the functional groups on the composite
surface. This chemisorption mechanism is further supported by ther-
modynamic studies, which indicate that the adsorption process is
spontaneous and endothermic, meaning that higher temperatures favor
increased dye uptake. The integration of chitosan into the activated
carbon matrix not only improves the structural stability of the composite
but also enhances its mechanical properties, making it a more robust and
durable adsorbent for practical wastewater treatment applications. The
adsorption mechanism depicted in the schematic aligns with these
findings, confirming that the combination of n-r stacking, electrostatic
interactions, n-n interactions, and hydrogen bonding is responsible for
the exceptional adsorption performance of CS@ACAP. The ability of the
composite to effectively remove MB from aqueous solutions demon-
strates its potential as a highly efficient and sustainable adsorbent ma-
terial for environmental remediation [150,151].

9.5. Adsorbent’s comparison of adsorption capacities of BM

The adsorption performance of the synthesized chitosan@activated
carbon avocado pits (CS@ACAP) and activated carbon from avocado
pits (ACAP) was evaluated in comparison with various activated carbon,
natural, and chitosan-based adsorbents reported in the literature.
Table 11 indicate that CS@ACAP exhibits the highest adsorption ca-
pacity (81.0 mg/g), significantly surpassing ACAP alone (40.2 mg/g).
This substantial improvement highlights the synergistic effect of

Table 11
comparison of the methylene blue adsorption capacity of Chitosan and chito-
san@activated carbon with other adsorbents.

Adsorbents Qmax (Mmg/g)  References
Activated Carbon-Based Adsorbents

Activated carbon derived Almond shell 1.3 [152]
Activated carbon derived Indonesian Rice Husk 7.2 [153]
Activated carbon derived Hungarian Rice Husk 8.3 [153]
Activated carbon derived Coconut coir dust 14.3 [154]
Activated carbon nanofibers nonwoven flat sheet 24.7 [155]
Avtivated carbon avocado pits (ACAP) 40.2 This work
Natural Adsorbents

Chamaerops humilis fibers 9.422 [156]
modified bagasse fly ash 15.5 [157]
Moroccan natural clay 32.5 [158]
golden mussel (Limnoperna fortunei) shell 26.4 [159]
Modified & Chitosan-Based Adsorbents

Cross-linked chitosan/sepiolite 40.986 [160]
CuMn204/chitosan micro/nanocomposite 54.05 [161]
Chitosan—clay 70.00 [162]
Chitosan-modified cellulose 75.76 [163]
nano-TiO2/MWCNT/Chitosan 80.65 [164]
chitosan@activated carbon avocado pits (CS@ACAP) 81.0 This Work

chitosan modification, which enhances surface functionality by intro-
ducing additional active sites for adsorption. Compared to conventional
activated carbon-based adsorbents, which show adsorption capacities
ranging from 1.3 to 40.2 mg/g, and natural adsorbents with a maximum
of 32.5 mg/g, the ACAP itself already demonstrates competitive
adsorption performance, confirming the efficiency of avocado pit-
derived activated carbon as a sustainable adsorbent. However, with
chitosan modification, the adsorption capacity nearly doubles, reaching
levels comparable to the most efficient chitosan-based composites re-
ported, such as nano-TiO2/MWCNT/chitosan (80.65 mg/g).

10. Conclusion
In this study, we successfully prepared activated carbon from
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avocado pits and optimized its methylene blue (MB) adsorption using a
Box-Behnken design, considering key parameters such as sulfuric acid
concentration, activation time, and temperature. The incorporation of
chitosan into the activated carbon to form a CS@ACAP composite
resulted in a significant enhancement of the adsorption capacity, with
the composite achieving a maximum capacity (qmax) of 81.0 mg/g,
compared to 40.2 mg/g for the plain activated carbon. Characterization
techniques including FTIR, SEM, XRD, BET, and EDX confirmed the
structural modifications introduced by chitosan and the increased sur-
face area, which contributed to the improved adsorption performance.
Thermodynamic analysis revealed that the adsorption onto activated
carbon was exothermic and spontaneous, while adsorption onto the
composite was endothermic but became more favorable at higher tem-
peratures. The isotherm studies highlighted the heterogeneity of the
chitosan-modified surface, which provided additional adsorption sites,
leading to superior performance. In conclusion, the chitosan@activated
carbon composite offers a highly effective solution for the removal of MB
from aqueous solutions, demonstrating improved adsorption capacity,
especially at higher pH levels. The results of this study underscore the
potential of natural, cost-effective adsorbents like avocado pits, partic-
ularly when combined with chitosan, in environmental applications.
Furthermore, the insights gained from thermodynamic and DFT analyses
pave the way for future research into the molecular interactions that
govern adsorption processes, enhancing the development of even more
efficient adsorbent materials.
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