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ARTICLE INFO ABSTRACT

Keywords: This study focuses on the extraction of cellulose from cactus cladodes in Las Palmas, Canary Islands, and its
Acid Bl‘fe 25 application for removing Safranin O and Acid Blue 25 dyes. The cellulose extraction process was optimized using
Adsorption Design-Expert software to maximize the BET surface area. The optimal conditions identified were 15 % NaOH,

Cactus cladodes

. 98 °C, and 90 min, which resulted in a maximum surface area of 7.7890 m?/ g. The adsorption of Safranin O and
Cellulose extraction

Density Functional Theory (DFT) Acid Blue 25 was evaluated under varying conditions such as contact time, adsorbent mass, pH, initial dye
Design-Expert concentration, and temperature. Safranin O exhibited a higher removal efficiency (91.98 %) compared to Acid
Safranin O Blue 25 (41.12 %). The adsorption kinetics followed the Pseudo-Second-Order model, indicating that chemi-
sorption was the rate-limiting step. The Langmuir isotherm best described the adsorption behavior for both dyes,
suggesting monolayer adsorption. Safranin O showed a significantly higher maximum adsorption capacity
(124.38 mg/g) compared to Acid Blue 25 (11.07 mg/g). Thermodynamic studies revealed that Safranin O
adsorption was exothermic and spontaneous, while Acid Blue 25 adsorption was non-spontaneous. Density
Functional Theory (DFT) calculations provided further insights into the adsorption mechanism. This study
demonstrates the potential of cactus-derived cellulose as an efficient and sustainable adsorbent for dye removal.
The integration of experimental data and computational insights offers a comprehensive understanding of the
adsorption mechanisms, which can guide the optimization of cellulose-based materials for wastewater treatment

applications.
1. Introduction health concerns [1]. Industrial effluents containing these dyes are often
discharged without adequate treatment, resulting in the accumulation of
The excessive use of synthetic dyes in industries such as textiles, toxic and persistent pollutants in aquatic systems [2]. Among them,
paper, plastics, and cosmetics has led to serious environmental and Safranin O and Acid Blue 25 are of particular concern due to their high
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stability and resistance to biodegradation [3]. Safranin O, a cationic dye
widely used in textiles and biological staining, causes intense water
discoloration and limits light penetration in aquatic environments, dis-
rupting photosynthesis and threatening aquatic life [4].

Beyond its ecological effects, Safranin O poses serious risks to human
health [5]. It can cause skin irritation, allergic reactions, and respiratory
discomfort upon contact [6]. Moreover, its mutagenic and carcinogenic
properties have been reported, with long-term exposure potentially
leading to DNA damage and chronic diseases, emphasizing its hazardous
nature.

Similarly, Acid Blue 25, an anionic dye widely used in textiles and
leather industries, poses serious environmental and health risks [7]. Its
high water solubility allows it to spread easily in aquatic systems,
forming toxic byproducts and resisting biodegradation [8]. This persis-
tence leads to bioaccumulation and toxicity in aquatic organisms, dis-
rupting metabolism and reproduction. For humans, exposure to Acid
Blue 25 can cause skin irritation, allergic reactions, and, in severe cases,
respiratory or liver toxicity [9].

Safranin O and Acid Blue 25 illustrate the persistence of synthetic
dye pollution in the environment. Their resistance to biodegradation
necessitates advanced and sustainable treatment methods. Developing
eco-friendly adsorbents and oxidation processes is therefore essential to
protect aquatic ecosystems, human health, and water resources [9].

To address the environmental and health issues associated with dye
pollution, various dye removal techniques have been developed over the
years. These include physical, chemical, and biological methods such as
coagulation- flocculation [10], membrane filtration [11], advanced
oxidation processes (AOPs) [12]. Although these methods can be
effective in reducing dye concentrations in wastewater, they come with
significant drawbacks. For instance, chemical methods often involve the
use of harmful reagents that generate secondary pollutants, while
physical methods like membrane filtration and coagulation can be
expensive and require frequent maintenance.

Among the various wastewater treatment methods including coag-
ulation—flocculation, oxidation, electrochemical degradation, mem-
brane filtration, and biological processes adsorption has emerged as a
preferred and highly efficient approach for dye removal [8]. Adsorption
offers several distinct advantages over traditional techniques [13]. It is
cost-effective, as it often employs low-cost adsorbents such as activated
carbon, biochar, or agricultural by-products, making it suitable for
large-scale applications [14]. The process is simple and easy to operate,
requiring minimal technical expertise and maintenance, which facili-
tates implementation even in regions with limited resources [15].
Adsorption is known for its high efficiency in removing a wide range of
contaminants, including dyes, even at low concentrations. Furthermore,
it offers selectivity, as adsorbent surfaces can be chemically modified to
target specific pollutants, enhancing treatment performance [16]. A
significant merit of adsorption is its regenerability, since many adsor-
bents can be reused multiple times, reducing operational costs and waste
generation. Additionally, adsorption produces minimal toxic by-
products, unlike many chemical or oxidative methods, which often
generate hazardous residues. These combined advantages cost-
effectiveness, simplicity, efficiency, selectivity, regenerability, and
environmental safety position adsorption as one of the most sustainable
and promising alternatives for the treatment of dye-contaminated
wastewater, providing both environmental and economic benefits [17].

Recent research has focused on the use of natural and renewable
materials as adsorbents to make the adsorption process more sustainable
and economically viable [18]. Natural materials such as clay, activated
carbon, and biomass-derived adsorbents have been widely studied for
their potential in dye removal. Among these, cellulose has gained
particular attention due to its abundance, renewability, and excellent
adsorption properties [19]. Cellulose is a biopolymer composed of
glucose units, which provide a high surface area and numerous hydroxyl
functional groups that interact with dye molecules [20].

Cactus plants, abundant in arid and semi-arid regions, present a
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promising and sustainable source of cellulose for adsorption applica-
tions, contributing to environmental preservation and resource effi-
ciency [21]. Renowned for their ability to thrive in extreme conditions
with minimal water and maintenance, cacti are well-suited for regions
where water scarcity poses challenges [22]. In areas like Las Palmas,
situated in the Canary Islands, cactus cultivation has long-standing
historical and cultural significance [23]. The region’s unique climate
fosters the growth of various cactus species, and these plants have been
integral to local practices, serving as a source of food, livestock feed, and
natural barriers against wind and soil erosion. Over time, researchers
have begun exploring the broader environmental applications of cactus,
uncovering its potential for water purification and pollutant removal,
particularly in adsorption processes [24].

The extraction of cellulose from cactus represents a renewable and
biodegradable solution for tackling pollution, particularly the removal
of harmful dyes from wastewater [25]. This approach promotes the
sustainable utilization of local natural resources while aligning with
global initiatives to minimize industrial waste and reduce reliance on
non-renewable materials [26]. The use of cactus-derived cellulose also
encourages circular economic practices, converting an abundant and
underutilized plant into a high-value material for environmental reme-
diation [27]. By integrating these sustainable solutions into traditional
practices in regions like Las Palmas, communities can achieve both
economic and ecological benefits.

Cactus-derived cellulose is uniquely suited for adsorption applica-
tions due to its exceptional structural and chemical properties [28]. The
material boasts a highly porous structure and a rich array of functional
groups, including hydroxyl and carboxyl groups, which facilitate strong
interactions with pollutants [29]. These attributes enable it to adsorb
both cationic and anionic dyes effectively, making it ideal for the
simultaneous removal of pollutants such as Safranin O and Acid Blue 25.
This dual capability addresses a significant challenge in wastewater
treatment, as many adsorbents are selective for specific dye types [30].
Moreover, the reliance on cactus-derived cellulose reduces dependency
on synthetic adsorbents, which are often expensive, energy-intensive to
produce, and environmentally detrimental [31].

The integration of cactus-derived cellulose in dye adsorption pro-
cesses offers numerous advantages, particularly in regions like Las Pal-
mas, where cactus is readily available. This approach supports the
development of sustainable and cost-effective wastewater treatment
systems that utilize local materials. By leveraging the natural properties
of cactus, it is possible to create adsorbents that are not only efficient but
also biodegradable and easy to regenerate. Furthermore, the use of
cactus-derived cellulose aligns with the circular economy model, pro-
moting resource efficiency and waste reduction. Las Palmas provides an
ideal setting for this type of research due to its rich biodiversity and
long-standing traditions of utilizing cactus in various industries. The
cultivation of cactus in this region not only sustains local economies but
also offers an environmentally friendly resource for addressing global
water pollution challenges.

The primary objective of this study is to evaluate the potential of
cellulose extracted from cactus plants as an efficient, sustainable, and
environmentally friendly adsorbent for the removal of Safranin O and
Acid Blue 25 dyes from aqueous solutions. This investigation arises from
the growing need for low-cost and renewable materials capable of
addressing the persistent problem of dye contamination in industrial
wastewater.

The research begins with the extraction of cellulose through an
alkaline treatment process, focusing on the optimization of critical pa-
rameters such as sodium hydroxide (NaOH) concentration, treatment
temperature, and treatment time, which significantly influence the BET
surface area (m?/g) and the overall quality of the extracted cellulose. To
ensure the optimization of these parameters, a systematic experimental
design was adopted, allowing for the identification of the best operating
conditions that yield cellulose with enhanced adsorption properties.

Following the extraction, the structural, morphological, and surface
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characteristics of the resulting cellulose were thoroughly examined
using multiple analytical techniques. The pH at the point of zero charge
(pHpzc) was determined to evaluate the surface charge behavior and its
influence on dye adsorption. Fourier Transform Infrared Spectroscopy
(FTIR) was employed to identify the functional groups responsible for
the adsorption interactions, while X-ray Diffraction (XRD) analysis
provided insights into the crystalline structure and degree of crystal-
linity of the cellulose. In addition, Scanning Electron Microscopy (SEM)
was used to visualize the surface morphology, texture, and porosity of
the adsorbent.

The adsorption capacity of the prepared cellulose was then investi-
gated for the simultaneous removal of Safranin O and Acid Blue 25 dyes,
chosen as representative cationic and anionic pollutants, respectively.
The effects of various operational parameters including initial dye
concentration, contact time, pH, temperature, and adsorbent dosage
were systematically examined and optimized to achieve maximum
adsorption efficiency. To gain a deeper understanding of the adsorption
mechanism, the equilibrium data were analyzed using different
isotherm models (Langmuir, Freundlich, and Temkin) to describe the
surface homogeneity, adsorption capacity, and nature of interactions
between the dyes and the adsorbent. Furthermore, kinetic models such
as the pseudo-first-order and pseudo-second-order were applied to
interpret the adsorption rate and identify the controlling mechanisms
governing the process.

Beyond the experimental work, a theoretical study was conducted to
provide molecular-level insights into the adsorption mechanism and to
complement the experimental findings. This computational investiga-
tion aimed to elucidate the possible electrostatic and hydrogen-bonding
interactions occurring between the dye molecules and the active sites on
the cellulose surface. By integrating experimental and theoretical ana-
lyses, this study offers a comprehensive understanding of the structur-
e-property—performance relationship, thereby highlighting the
scientific and environmental significance of cactus-derived cellulose as a
promising bioadsorbent for sustainable wastewater treatment.

Despite these valuable findings, the present study has certain limi-
tations that should be acknowledged. All adsorption experiments were
conducted under controlled laboratory conditions using synthetic dye
solutions, which, while suitable for mechanistic understanding, do not
fully represent the complex composition of real industrial wastewater.
Actual effluents typically contain a diverse mixture of pollutants
including salts, surfactants, heavy metals, and organic compounds that
may compete for adsorption sites, potentially reducing the adsorption
efficiency. Moreover, parameters such as pH, ionic strength, and tem-
perature in industrial wastewater can fluctuate significantly, further
influencing the adsorbent’s performance and stability.

Another limitation lies in the absence of large-scale application and
regeneration tests. While the study demonstrates the efficiency of
cactus-derived cellulose at the laboratory scale, additional research is
required to evaluate its reusability, mechanical stability, and long-term
adsorption capacity under realistic operating conditions. Furthermore,
the environmental impact and cost-effectiveness of cellulose production
at a larger scale should also be examined to validate its practical
feasibility.

Future research should therefore focus on the application of this
bioadsorbent to real industrial effluents, assessment of its reusability
and regeneration potential, and exploration of surface modification or
composite formation to further enhance adsorption selectivity and ca-
pacity. Such studies would contribute to translating the present findings
into real-world environmental remediation technologies.

2. Material and methods
2.1. Chemicals and reagents

The chemicals and reagents used in this study include hydrochloric
acid (HCI, 37 % w/w), sodium hydroxide (NaOH, >98 % purity),
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hydrogen peroxide (H202, 30 % w/w), and acetic acid (CH:COOH, >99
% purity), all of analytical grade and purchased from Sigma-Aldrich. The
target dyes for adsorption experiments were Safranin O (C20H19CINa,
molecular weight: 350.84 g/mol, >98 % purity) and Acid Blue 25
(C20H13N2NaOsS, molecular weight: 416.38 g/mol, >95 % purity) [32].
Safranin O is a cationic dye with a maximum absorption wavelength
(Amax) of approximately 520 nm [3], while Acid Blue 25 is an anionic dye
exhibiting a Amax of around 600 nm, both of which were detected and
quantified using UV-visible spectrophotometry.

2.2. Extraction of cellulose and optimization

Cellulose was extracted from fresh cactus cladodes collected from Las
Palmas, Canary Islands. The cladodes were air-dried for 2 days, cut into
1-2 cm pieces, and ground into fine powder. The powdered cactus
material underwent an initial treatment with hot water at 70 °C for 2 h
to remove soluble impurities and surface contaminants [33]. The
resulting material was centrifuged at 4000 rpm to obtain cellulose-rich
fibers. To optimize the cellulose extraction process, the cactus fibers
were subjected to alkaline treatment with varying NaOH concentrations
(10-15 %), at treatment temperatures (60-98 °C), and for treatment
times (90-300 min) ensuring the removal of residual hemicellulose,
lignin, fats, and waxes [34]. The experimental parameters were
designed and evaluated based on their influence on the BET surface area
(mz/g) of the extracted cellulose. After the treatment, the cellulose were
thoroughly washed with distilled water to neutralize the pH and then
treated with hydrogen peroxide (H202) for decoloration [35]. The cel-
lulose content of the raw cactus biomass was evaluated by applying the
Updegraff method for cellulose isolation, followed by quantification
using the anthrone colorimetric assay. The plant fibers were treated with
a mixture of acetic acid and nitric acid to remove lignin, hemicellulose,
and xylans, leaving cellulose as the main component. The cellulose was
subsequently hydrolyzed to glucose, and the total sugar content in so-
lution was determined using the anthrone reagent. Anthrone solution
was prepared by dissolving 10 mg of anthrone in 100 mL of 70 % sulfuric
acid. A calibration curve was constructed by reacting known concen-
trations of glucose with anthrone reagent and measuring absorbance at
625 nm using a spectrophotometer [36,37]. The cellulose content of the
raw cactus material was found to be approximately 18.5 + 1.2 %, con-
firming that cactus is a suitable source for cellulose extraction. Finally,
the purified cellulose was air-dried under ambient conditions to prepare
it for subsequent characterization and adsorption experiments. Fig. 1
shows the extraction process of cellulose.

In this study, the Design-Expert software (version 13.0.5.0) was used
to perform a 2-level factorial design for optimizing the extraction con-
ditions of cellulose from cactus. This software is a powerful tool for
designing experiments, analyzing results, and building statistical models
to understand the relationship between multiple factors and responses
[38]. The factorial design employed in this study was randomized to
eliminate any potential bias from uncontrolled variables that might
affect the results [39].

The 3FI model used in this study represents a 3-factor interaction
model, allowing us to evaluate the main effects of each factor as well as
the interactions between factors. The three factors under consideration
were: NaOH concentration, treatment temperature, and treatment time.
The Design-Expert software enables the efficient optimization of these
parameters [40], as it can predict the effects of these factors on the BET
surface area of the extracted cellulose, which is critical for under-
standing its adsorption capacity. Table 1 shows the Experimental Design
Parameters for Cellulose Extraction Optimization.

In the factorial design, each factor was varied at two levels, resulting
in a total of 8 experimental runs. The factors were NaOH concentration
(10-15 %), treatment temperature (60 °C-98 °C), and treatment time
(90-300 min). The randomization of these runs ensures that the out-
comes are not influenced by any external factors such as the sequence of
experimental steps. The software provides statistical analysis of the
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Fig. 1. Extraction process of cellulose from cactus cladodes.

Table 1

Experimental design parameters for cellulose extraction optimization.
Factor Name Units Type Minimum Maximum Mean
A Concentration of NaOH % Numeric 10.00 15.00 12.50
B Treatment temperature °C Numeric 60.00 98.00 79.00
C Treatment time Min Numeric 90.00 300.00 195.00

interaction effects between the factors, which helps in identifying the
optimal extraction conditions for obtaining the best cellulose material
for dye adsorption.

One of the key benefits of using Design-Expert is its ability to model
and predict the effects of multiple variables simultaneously [26]. In this
study, it helped in understanding how each factor influences the surface
area of the extracted cellulose, thereby affecting its performance as an
adsorbent for the removal of Safranin O and Acid Blue 25 dyes.

2.3. Characterization

The cactus-derived cellulose was characterized using a comprehen-
sive set of analytical techniques to evaluate its structural, surface, and
morphological properties both before and after adsorption of Safranin O
and Acid Blue 25. Fourier-transform infrared spectroscopy (FTIR, Bruker
Tensor 27) was conducted in the range of 4000-400 cm ™! using the KBr
pellet method, where approximately 1 mg of cellulose was finely ground
with 100 mg of KBr and pressed into a pellet. This analysis was used to
identify functional groups and monitor chemical bond changes resulting
from dye adsorption [8]. X-ray diffraction (XRD, PANalytical X'Pert
PRO) with Cu Ka radiation (A = 1.5406 10\) operated at 40 kV and 40 mA
was employed to determine the crystalline structure and degree of
crystallinity, scanning 26 angles from 5° to 80° with a step size of 0.02°
and a scanning speed of 1°/min. Brunauer-Emmett-Teller (BET) surface
area analysis was performed using a Micromeritics ASAP 2020 analyzer,
with nitrogen adsorption-desorption isotherms measured at 77 K.

Samples were degassed at 120 °C for 12 h under vacuum prior to mea-
surement to remove moisture and contaminants. BET analysis provided
the specific surface area, total pore volume, and average pore diameter,
while the Barrett-Joyner-Halenda (BJH) method was applied to analyze
pore size distribution [41]. The surface morphology and porosity were
examined using scanning electron microscopy (SEM, JEOL JSM-6510) at
an accelerating voltage of 10-15 kV. Samples were coated with a thin
gold layer (~5 nm) under vacuum to ensure electrical conductivity and
prevent charging. SEM imaging allowed visualization of the cellulose’s
surface texture, pore structure, and any structural changes induced by
dye adsorption.

2.3.1. Surface charge and point of zero charge (pHpzc)

The surface charge of the cactus-derived cellulose was evaluated by
determining its point of zero charge (pHpzc), which is a crucial
parameter for understanding the electrostatic interactions between the
adsorbent and the adsorbates. The pHpzc is the pH at which the net
surface charge of the material is zero, meaning that there is no overall
electrostatic attraction or repulsion between the adsorbent surface and
the surrounding solution. To determine the pHpzc of the cellulose, a
batch adsorption experiment was performed where a fixed amount of
cellulose was added to aqueous solutions with varying pH levels [42].
The pH of the solution was adjusted using acid (HCl) or base (NaOH),
and the final pH was measured after equilibrating the system [43]. The
pHpzc was determined by plotting the pH of the solution versus the
number of adsorbed ions. At the pH where there is no change in the pH
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of the solution, the surface charge of the cellulose is considered neutral
[44].

3. Adsorption
3.1. Adsorbate preparation

The preparation of the adsorbates, Safranin O and Acid Blue 25,
involved the preparation of stock solutions at a concentration of 1 g/L.
For this, 1 g of each dye was precisely weighed using an analytical
balance and dissolved in 1 L of distilled water. The solutions were mixed
thoroughly by stirring to ensure complete dissolution of the dyes,
resulting in homogeneous solutions. This 1 g/L concentration was cho-
sen for the experiments to evaluate the adsorption capacity of cactus-
derived cellulose and to study the interaction of the material with the
dyes. The prepared solutions were stored in clean, properly labeled
containers for future use in adsorption experiments, which were
designed to assess various parameters, including adsorption kinetics,
equilibrium, and the optimization of the adsorption process for efficient
dye removal.

3.2. Study of adsorption kinetics

3.2.1. Effect of contact time

To investigate the adsorption kinetics of Safranin O and Acid Blue 25
on cactus-derived cellulose, the effect of contact time on the adsorption
process was analyzed. In each experiment, 0.1 g of cellulose was added
to 50 mg/L dye solutions (either Safranin O or Acid Blue 25) and stirred
for periods ranging from 10 min to 220 min. Samples were taken at
various time intervals (10, 30, 60, 90, 120, 150, 180, 210, and 220 min)
to monitor the progress of dye removal. Dye concentrations in the so-
lution were measured using a spectrophotometer at 518 nm for Safranin
O and 617 nm for Acid Blue 25. The adsorption capacity at equilibrium,
Qe (mg/g), was calculated using Eq. (1) [45]:

\4
Qe:(Ci—Ce)Xa @

The percentage of dye removal (R%) was determined using the Eq.

(2):

C; —C,
R% — <T) %100 @

where: Co and Ce are the initial and equilibrium dye concentrations (mg/
L), V is the solution volume (L), and m is the mass of the adsorbent (g).

3.3. Study of dye adsorption kinetics

3.3.1. Modeling the adsorption kinetics

To further understand the adsorption process of Safranin O and Acid
Blue 25 onto cactus-derived cellulose, the adsorption kinetics were
modeled using two common models: the pseudo-first-order and pseudo-
second-order models [46]. These models describe the rate of dye uptake
by the adsorbent and help determine the nature of the adsorption
process.

The pseudo-first-order model (also known as the Lagergren model)
assumes that the rate of adsorption is proportional to the difference
between the equilibrium dye concentration and the dye concentration at
time t [47]. The linear form of the pseudo-first-order equation is
expressed by Eq. (3):

In(Q. - Q) =InQ, — kit 3

where Qe (mg/g) is the adsorption capacity at equilibrium, Q: (mg/g) is
the adsorption capacity at time t, ki (min~Y) is the first-order rate con-
stant, and t (min) is the contact time.

The pseudo-second-order model assumes that the rate of adsorption
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is proportional to the square of the difference between the equilibrium
concentration and the dye concentration at time t [48]. The linear form
of the pseudo-second-order equation is expressed by Eq. (4):

t 1 t
RRNTRE +Qe )]
where: k2 (g/mg-min) is the second-order rate constant. Both models
were applied to the experimental data to evaluate their fitting. The
adsorption capacity (Qe) and rate constant (ks and k) were determined
from the slopes and intercepts of the corresponding plots. The correla-
tion coefficients (R?) of both models were compared to identify the most
suitable model for describing the adsorption kinetics of Safranin O and
Acid Blue 25 onto cactus-derived cellulose [49].

3.4. Identification of optimum adsorption conditions

The optimum adsorption conditions for Safranin O and Acid Blue 25
removal using cactus-derived cellulose were determined by evaluating
the effects of adsorbent mass, pH, dye concentration, and temperature.
The adsorbent mass varied from 0.03 to 0.19 g, while the pH was
adjusted between 2 and 10. Dye concentrations in the range of 50 to 250
mg/L were tested, and the temperature was varied from 25 °C to 55 °C.
These parameters were systematically optimized to identify the most
effective conditions for the adsorption process.

3.4.1. The Langmuir model

The adsorption isotherms of Safranin O and Acid Blue 25 onto cactus-
derived cellulose were analyzed using the Langmuir model, which as-
sumes monolayer adsorption onto a surface with a finite number of
identical adsorption sites [50]. According to this model, the adsorption
capacity increases as the dye concentration in the solution rises until the
surface reaches saturation.

The Langmuir model is characterized by a maximum adsorption
capacity (Qm) and a Langmuir constant (K), which are determined from
the linear form of the isotherm. The Langmuir equation is expressed by
Eq. (5):

c_ 1 .c
Q KQu Qu

(5)

where: Qe is the amount of dye adsorbed at equilibrium (mg/g), Ce is the
equilibrium dye concentration (mg/L), Qp, is the maximum adsorption
capacity (mg/g), and Ky, is the Langmuir constant.

3.4.2. The Freundlich model

The adsorption of Safranin O and Acid Blue 25 onto cactus-derived
cellulose was also examined using the Freundlich isotherm model. Un-
like the Langmuir model, which assumes monolayer adsorption, the
Freundlich model is based on multilayer adsorption onto heterogeneous
surfaces. It assumes that the adsorption sites have a non-uniform dis-
tribution of energies, with a higher affinity for adsorption at low con-
centrations of dye [51]. The Freundlich equation is expressed by Eq. (6):

In(Q.) = In(Kr) +anln(Ce) (6)
where Qe is the amount of dye adsorbed at equilibrium (mg/g), Ce is the
equilibrium dye concentration (mg/L), K is the Freundlich constant,
and 1/ng is the adsorption intensity. The Freundlich model is typically
used to describe adsorption on surfaces with varying adsorption en-
ergies. A high value of Ky and a low value of 1/np indicate a favorable
adsorption process.

3.4.3. The Temkin model
The Temkin isotherm model was also applied to evaluate the
adsorption of Safranin O and Acid Blue 25 onto cactus-derived cellulose.
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This model assumes that the heat of adsorption of all molecules in the
layer decreases linearly with coverage and that there are no interactions
between adsorbed molecules [52]. The Temkin model accounts for
adsorbate-adsorbent interactions by incorporating a factor that repre-
sents the adsorption potential, which decreases with increasing
coverage [45]. The Temkin equation is given by the Eq. (7):

In(Q.) = BT i, + R, )
b b

where: Qe is the amount of dye adsorbed at equilibrium (mg/g), Ce is the
equilibrium dye concentration (mg/L), and b is a constant related to the
heat of adsorption (J/mol). The Temkin model is often used to describe
adsorption systems where adsorbate-adsorbent interactions play a sig-
nificant role, and it helps assess the energy distribution of adsorption
sites.

3.4.4. Thermodynamic study

The thermodynamic study of the adsorption process of Safranin O
and Acid Blue 25 onto cactus-derived cellulose provides valuable in-
sights into the spontaneity, feasibility, and nature of the adsorption
process. Several thermodynamic parameters, such as the change in
Gibbs free energy (AG°), enthalpy (AH°), and entropy (AS°), were
calculated to understand the energetics and driving forces of the
adsorption. These parameters were determined using Egs. (8), (9), and
(10) [53]:

Qe
Ke == 8
€ Ce ®
AS AH
InKe =~ RT ©)
AG = AH —TAS (10)

where: R is the universal gas constant (8.314 J/mol-K), T is the tem-
perature (K), and Ke is the equilibrium constant derived from the
adsorption isotherm. A negative AG° value indicates a spontaneous
adsorption process, while a positive AG® suggests non-spontaneity. The
enthalpy change (AH°) provides information on the nature of the
adsorption, with a negative value indicating an exothermic process and
a positive value indicating an endothermic process. The entropy change
(AS°) reflects the degree of disorder or randomness associated with the
adsorption process, with a positive value suggesting an increase in
disorder.

4. Density Functional Theory study

In this study, Density Functional Theory (DFT) calculations were
employed to comprehensively analyze the interaction between cellulose
extracted from cactus and the dyes Safranin O and Acid Blue 25 [54].
The primary aim was to uncover the molecular-level adsorption mech-
anisms and to explore how the electronic properties of cellulose influ-
ence its adsorption capacity for these dyes. Using the B3LYP hybrid
functional method combined with the 6-31G(d,p) basis set, the molec-
ular geometries of cellulose and the dyes were optimized, and critical
electronic properties, including the energies of the Highest Occupied
Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO), were computed [55]. These properties provided
essential insights into the stability and reactivity of the dye-cellulose
complexes. The HOMO and LUMO energies were utilized to evaluate
the potential for electron transfer between the dye molecules and the
cellulose surface, a key factor influencing adsorption efficiency [56].
The calculated energy gap (AEgap) between the HOMO and LUMO
serves as an important indicator of adsorption strength, with a smaller
gap suggesting enhanced interaction and efficient electron transfer [57].
The optimized molecular structures revealed that the hydroxyl groups
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(-OH) on the cellulose surface play a pivotal role in adsorption through
hydrogen bonding, complemented by potential electrostatic interactions
with the charged dye molecules. In addition to the energy gap, other
electronic properties were calculated, including the electronic chemical
potential (p), hardness (1), softness (S), and electrophilicity (®) using
Egs. (11), (12), (13), (14), and (15):

AEGa],l = Erumo — EHomo an
n= ELumo ; EHomo (12)
x — —Eromo — Erumo) 13)
2

S= l (14)

n

xZ

_x 15

®= o 15)

These parameters offer deeper insights into the material’s reactivity.
The chemical potential reflects the system’s electron affinity, while
hardness and softness indicate resistance to electron deformation and
overall molecular reactivity [58]. Electrophilicity measures the system’s
propensity to accept electrons. DFT calculations also highlighted elec-
tronic density shifts in cellulose upon interaction with the dyes, rein-
forcing the role of specific molecular interactions in enhancing the
adsorption process. These findings provide valuable insights into the
structural and electronic factors underlying the adsorption mechanisms.

5. Optimization results
5.1. Influence of treatment parameters on BET surface area

In order to evaluate the effect of NaOH concentration, treatment
temperature, and treatment time on the surface properties of cellulose, a
series of experiments were conducted to determine the BET surface area.
These factors are crucial for enhancing the surface area and, conse-
quently, the adsorption capacity of cellulose-based materials. The
experimental results demonstrate how variations in these conditions
influence the surface area of cellulose, providing insights into the
optimal conditions for enhancing adsorption performance.

The experimental results in Table 2 demonstrate the influence of
NaOH concentration, treatment temperature, and treatment time on the
BET surface area of cellulose. The surface area values ranged from
2.5643 m%/g to 7.7890 m?/g, depending on the varying conditions. The
highest surface area, 7.7890 m2/g, was achieved under a 15 % NaOH
concentration, a treatment temperature of 98 °C, and a treatment time of
90 min. This result indicates that higher NaOH concentrations and
elevated temperatures significantly enhance the surface area of the
cellulose, likely due to the increased alkali-induced swelling and the
removal of impurities, which open up the cellulose structure [59].

Conversely, the lowest surface area of 2.5643 m2/g was observed

Table 2
BET surface area results for cellulose extraction under various treatment
conditions.

Concentration of Treatment Treatment BET surface
NaOH (%) temperature (°C) time (min) area (m?/g)

1 15 60 90 6.5673

2 10 60 300 2.5643

3 15 98 90 7.7890

4 10 98 300 4.3911

5 10 60 90 3.1578

6 15 60 300 6.1128

7 10 98 90 5.2091

8 15 98 300 6.9923
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with a 10 % NaOH concentration, a treatment temperature of 60 °C, and
a longer treatment time of 300 min. This suggests that lower NaOH
concentrations and milder temperatures may not sufficiently disrupt the
cellulose structure, leading to a less effective treatment [60]. Addi-
tionally, prolonged treatment times at lower temperatures may not offer
significant benefits, as the effects of NaOH concentration and tempera-
ture are more critical in enhancing the surface area.

5.2. BET isotherm behavior of cellulose extracted under different
treatment conditions

To further investigate the structural properties of the treated cellu-
lose, BET isotherms were obtained, revealing key insights into the
mesoporous nature of the material [61]. Fig. 2 shows that the isotherms
exhibited Type IV behavior, which is characteristic of mesoporous ma-
terials with pore sizes ranging from 2 to 50 nm [62]. This behavior
included a linear region at lower relative pressures (P/Po), correspond-
ing to monolayer and multilayer adsorption on the walls of mesopores,
followed by a gradual increase at intermediate pressures. Although the
presence of a hysteresis loop, typically indicative of capillary
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condensation in mesoporous, was not explicitly mentioned, the overall
behavior strongly suggests mesoporosity. At higher relative pressures,
the isotherms plateaued, signifying the saturation of adsorption sites and
the filling of mesopores. The mesoporous structure of the treated cel-
lulose was significantly influenced by the NaOH concentration, tem-
perature, and treatment duration. Higher NaOH concentrations (15 %)
and elevated temperatures (98 °C) promoted the development of mes-
oporous, resulting in larger surface areas. The highest BET surface area,
7.7890 mz/g, was achieved under optimal conditions (15 % NaOH,
98 °C, 90 min). In contrast, lower NaOH concentrations (10 %) or pro-
longed treatment durations (300 min) resulted in less pronounced
mesoporosity, likely due to cellulose degradation or pore collapse.

5.3. Statistical analysis of factors influencing BET surface area: half-
normal plot and Pareto Chart evaluation

The significance of three factors NaOH concentration (A), treatment
temperature (B), and treatment time (C) on the BET surface area was
evaluated using a Half-Normal Plot (Fig. 3a) and a Pareto Chart
(Fig. 3b), along with the interaction effects of AC and BC. The Half-

4,0 1,0 5

- Run 1:Cellulose-15%NaOH-60°C-90min Run 2:Cellulose-10%NaOH-60°C-300min . Run 3: Cellulose-15%NaOH-98°C-90mi
~ 3,51 & a
= =081 5 4
® 30 put o
o 2 =
§25 506 § 3
E 2,0 3 E
S 50,4+ S 24
8 1.51 (7] 7]

] °

< P-4 <
2 104 202 211
& £ £
S 054 ©
° 8 00 8

0,0 U1 04

00 02 04 06 08 10 00 02 06 08 10 00 02 04 06 08 10
Relative Pressure (p/p®) Relative Pressure (p/p°®) Relative Pressure (p/p°)
1,0

1,8 41 Run 4:Cellulose-10%Na0OH-98°C-300 min

)
o
1
o
®
L

Run 5:Cellulose-10%NaOH-60°C-30min 2,54

Run 6:Cellulose-15%Na0OH-60°C-300min

T T
E b= =
w 1]
24 2 2
£12] 5os § .
kA 2451
3 F 1
0.8 0 0,4 °
’ 2 21,0
0,6 < <
2 200 2
£044 £ €05+
s 3
802 3 <]
0,04 ]
0,04 ’ 0,0
00 02 04 06 08 10 00 02 06 08 10 00 02 04 06 08 10
Relative Pressure (p/p°) Relative Pressure (p/p°) Relative Pressure (p/p°)
20 Run 7: Cellulose-10%NaOH-98°C-90min 4 Run 8:Cellulose-15%Na0QH-98°C-300min
T T
= =
» »n
o o
= 154 = 34
] §
2 3
21,04 224
] 5
o 7]
< b
<
205 214
£ 8
] s
o G
0,0 04

T

00 02 04 06 08 10 00 02
Relative Pressure (p/p°)

T

0:6 0:8 1,0

Relative Pressure (p/p°)

Fig. 2. BET adsorption isotherms of cellulose under various alkaline treatment conditions.
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Fig. 3. Half-normal and Pareto Charts for BET surface area analysis.

Normal Plot visually indicates which factors significantly affect the BET
surface area by showing the points furthest from the normal probability
line. Factor A, the concentration of NaOH, demonstrates the greatest
deviation, followed by factor B, treatment temperature, and the inter-
action term AC, all of which indicate a substantial positive impact on the
BET surface area. Conversely, factor C, treatment time, and the inter-
action term BC lie closer to the line, suggesting their influence is less
significant. The Pareto Chart further clarifies the significance of these
factors by displaying their t-values in descending order [63]. Factors A
and B exhibit the highest t-values, significantly exceeding the Bonferroni
limit, confirming their critical role in determining the BET surface area.
The interaction term AC also exceeds the t-value threshold, underscoring
its importance in the model. On the other hand, factor C and the inter-
action term BC fall below the threshold, indicating their negligible
impact. Overall, the results show that NaOH concentration, treatment
temperature, and the interaction between NaOH concentration and
treatment time (AC) are the key factors in optimizing the BET surface
area, whereas treatment time and other interactions have minimal
influence.

5.4. Analysis of Variance (ANOVA) for factors influencing BET surface
area

The Table 3 presents the Analysis of Variance (ANOVA) results for
the model assessing the effects of three factors NaOH concentration (A),
treatment temperature (B), and treatment time (C) on the BET surface
area. The model is statistically significant, as evidenced by its F-value of
2223.09 and a p-value of 0.0004, which is well below the conventional

(0.0001), confirming it as the most significant contributor to the model
[65]. B (treatment temperature) also exhibits a notable effect, with a
sum of squares of 4.48, an F-value of 2053.70, and a p-value of 0.0005.
Although C (treatment time) has a smaller effect, it remains statistically
significant, with a sum of squares of 0.8825, an F-value of 404.59, and a
p-value of 0.0025.

The interaction term AB (between NaOH concentration and treat-
ment temperature) also shows a moderate effect, with an F-value of
182.19 and a p-value of 0.0054, indicating statistical significance. The
interaction term BC (between treatment temperature and treatment
time) has the lowest contribution, with a sum of squares of 0.0413 and
an F-value of 18.95, though it is still statistically significant with a p-
value of 0.0489. The residual error is minimal (sum of squares = 0.0044,
mean square = 0.0022), suggesting a good fit for the model [66].

The statistical analysis of the model demonstrates excellent perfor-
mance in predicting the response variable, as shown in Table 4. With an
R? value of 0.9998 and an adjusted R? of 0.9994, the model explains
almost all of the variability in the data, indicating a near-perfect fit [39].
The standard deviation of 0.0467 and the low coefficient of variation (C.
V. = 0.8735 %) highlight minimal error and low relative variability in
the data, further reinforcing the model’s accuracy. Additionally, the
predicted R? value of 0.9971 suggests excellent generalizability to new
data, ensuring the model’s robustness. Finally, the high Adeq Precision
value of 128.5074 confirms a strong signal-to-noise ratio, indicating
reliable predictions.

Table 4
Summary of regression model statistics.

f e o 1. . . Std. Dev. 0.0467 R? 0.9998
mgmﬁcaflce thrgshold (0.05)'[64.1]', 1I?d1cat1ng that the model explains a Mean 535 Adjusted R? 0.9994
substantial portion of the variability in the BET surface area. Among the V. % 0.8735 Predicted R2 0.9971
individual factors, A (NaOH concentration) shows the highest sum of Adeq precision 128.5074
squares (18.44), the largest F-value (8456.02), and the smallest p-value
Table 3
Analysis of Variance (ANOVA) for assessing the BET surface area.

Source Sum of squares Df Mean square F-value p-Value

Model 24.24 5 4.85 2223.09 0.0004 Significant
A-Concentration of NaOH 18.44 1 18.44 8456.02 0.0001

B-Treatment temperature 4.48 1 4.48 2053.70 0.0005

C-Treatment time 0.8825 1 0.8825 404.59 0.0025

AB 0.3974 1 0.3974 182.19 0.0054

BC 0.0413 1 0.0413 18.95 0.0489

Residual 0.0044 2 0.0022

Cor Total 24.25 7
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5.5. Model validation through predicted vs. actual BET surface area
values

The Fig. 4 effectively demonstrates the reliability of the model by
illustrating a strong correlation between the predicted and actual values.
The close alignment of data points along the diagonal line (y = x) sug-
gests that the model is highly accurate, with minimal deviation between
predictions and observations. Additionally, the points, which represent
BET Surface Area values ranging from approximately 2.56 to 7.79, show
no systematic pattern or bias in prediction errors across the range of
surface area values.

5.6. Individual effects

The Fig. 5 illustrates the individual effects of NaOH concentration
(A), treatment temperature (B), and treatment time (C) on the BET
Surface Area (m?/g), along with warnings about significant factor in-
teractions. In Fig. 5(a), the BET Surface Area increases with higher
NaOH concentration, indicating a positive impact, but the warning
suggests an interaction between NaOH concentration and temperature.
The Fig. 5(b) shows an increase in BET Surface Area with rising treat-
ment temperature, highlighting its importance, though it is involved in
multiple interactions. In contrast, The Fig. 5(c) reveals a slight decrease
in BET Surface Area with prolonged treatment time, suggesting a
negative effect, with a warning pointing to its interaction with tem-
perature. These findings emphasize the need to account for factor in-
teractions when optimizing conditions to maximize BET Surface Area.

5.7. Response surface and contour analysis of BET surface area
optimization

The response surface and contour plots provide a detailed analysis of
how NaOH concentration, treatment temperature, and treatment time
affect the BET surface area of the material, offering insight into their
interactive effects, as shown in Fig. 6. The 3D surface plot and corre-
sponding contour map for NaOH concentration and treatment temper-
ature (Fig. 6a, b) reveal that the BET surface area increases significantly
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concentrations of NaOH. This suggests that the activation process is
highly temperature-dependent, with sufficient chemical interaction at
optimal NaOH concentrations enhancing the surface area. However,
excessively high concentrations might lead to reduced efficiency due to
material degradation or pore collapse. Similarly, the interaction be-
tween treatment temperature and treatment time (Fig. 6¢, d) shows that
a longer duration, when coupled with elevated temperatures, promotes
an increase in the BET surface area, but this effect plateaus or decreases
beyond certain thresholds, likely due to overexposure leading to pore
shrinkage or collapse. The contour plots highlight the regions where
these optimal conditions converge, with the red zones marking the
combinations of parameters that yield the highest surface area. These
results emphasize the critical role of temperature as the most influential
parameter, while NaOH concentration and treatment time act as com-
plementary factors that must be carefully adjusted to achieve the desired
surface properties.

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

Fig. 7 shows the FTIR spectra of cellulose before and after the
adsorption of Safranin O and Acid Blue 25, providing crucial insights
into the functional groups involved in the adsorption mechanism and the
extent of interaction between the dye molecules and cellulose. The raw
cellulose spectrum exhibits several characteristic absorption bands, with
the broad peak at 3299 cm™! corresponding to the O—H stretching vi-
bration, indicative of extensive hydrogen bonding within the cellulose
structure [67]. The peak observed at 2897 cm ! is attributed to C—H
stretching vibrations from aliphatic groups [68], while the absorption
band at 1634 cm ! is assigned to O—H bending [69], often associated
with bound water molecules within the cellulose matrix. Additionally,
the peaks at 1432 em!and 1316 cm ™! correspond to C—H bending and
C—O stretching vibrations [70], respectively, both of which are char-
acteristic of polysaccharides [71]. The band observed at 890-900 cm !
corresponds to the B-glycosidic linkage (C-O-C) connecting the glucose
units in cellulose, indicating the presence of p-1,4 glycosidic bonds that
form the linear polymer backbone. The absorption band at 1032 emlis

Predicted vs. Actual

with higher treatment temperatures and moderate to high
BET Surface Area
8 —
Color points by value of
BET Surface Area:
256438 [ 7720
6 —
°
1
kS
S 5
L
a
a4—)
3 -
2 —
T T
2 3

Actual

Fig. 4. Correlation between predicted and actual BET surface area values.
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Fig. 5. Main effects of process parameters on BET surface area.

assigned to the C-O-C stretching vibrations within the glucose pyranose
rings of the cellulose backbone, reflecting the internal structure of the
glucose monomers. Together, these peaks confirm the polymeric nature
of cellulose and the typical polysaccharide structure of the material
[72]. These two signals confirm the presence of typical polysaccharide
structures in the material. Upon adsorption of Safranin O, several
spectral changes are observed, suggesting strong interactions between
the dye molecules and cellulose functional groups. The O—H stretching
vibration undergoes a shift to 3347 cm™?, indicating possible hydrogen
bonding interactions between the hydroxyl groups in cellulose and
functional groups present in Safranin O. Additionally, the C—H
stretching vibration shifts to 2000 cm ™, and new or intensified bands
appear at 1635 em™}, 1436 cm™!, and 1318 cm™!, which can be
attributed to interactions involving carboxyl, hydroxyl, and aromatic
groups in the dye structure. These modifications indicate that Safranin O
forms strong hydrogen bonds with cellulose, possibly facilitated by
electrostatic interactions and n-x stacking between the aromatic rings of
the dye and the cellulose backbone. In contrast, after adsorption of Acid
Blue 25, the O—H stretching band shifts to 3368 cm’l, and the C—H
stretching band appears at 2893 cm ™!, with relatively weaker intensity
changes in comparison to Safranin O. The characteristic peaks at 1645
em™!, 1425 cm™}, and 1317 em ! suggest interactions between the dye
and cellulose, but their lower intensity and minimal shifts indicate that
Acid Blue 25 exhibits weaker binding interactions with cellulose.
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6.2. X-ray diffraction (XRD)

Fig. 8 illustrates the X-ray diffraction pattern of the extracted cellu-
lose from Cactus, highlighting distinct peaks at 20 angles of 11.43°,
16.46°, 22,093°, 24.57° and 37.46°. These diffraction peaks are char-
acteristic of the cellulose I and I allomorphs, as well as type II crys-
talline cellulose [73-75]. Native cellulose typically consists of a mixture
of these two crystalline phases, where cellulose I exhibits a triclinic unit
cell and cellulose Ip a monoclinic unit cell. The proportion of these
allomorphs can vary depending on the origin of the cellulose, Cellulose
II is the crystalline phase present in the ordered domains of cellulose
resulting from alkaline treatment, as well as in cellulose nanofibers
produced through acid hydrolysis [76].

The peak detected at approximately 22° corresponds to the (200)
crystallographic plane of cellulose If, which is typically observed near
22.5° [77]. Near this peak, an amorphous phase appears around 20 =
20.44°, primarily linked to lignin, a key component of the cell wall that
contributes significantly to the mechanical strength of wood. The (110)
plane of cellulose Io generates distinct peaks at 16.46°, indicating the
presence of cellulose Ia and highlighting the structural differences be-
tween the I and Ip allomorphs.

The Segal method, also known as the peak height method, is a widely
used analytical technique for evaluating the crystallinity of cellulose
samples. This approach determines the crystallinity index (CrI) by
comparing the intensity of the diffraction peak associated with crystal-
line cellulose (Iac) at approximately 26 = 22.093° to the intensity of the
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amorphous phase (lam) at 20 = 20.44°, which corresponds to the lowest
intensity in the diffraction pattern. The crystallinity index is calculated
using the following Eq. (16):

Ic

—Ipm

crl(%) = x 100 (16)

The average size of the crystal units was determined using the
Scherrer equation (Eq. (17)) as described in Table 5. This method relies
on the half-value width of the diffraction peaks observed in the X-ray
diffraction pattern of the crystalline region. The crystallite size (Lpk1)
was calculated based on the diffraction pattern data.

Liw a7)

- pcos6
where k is the Scherrer constant whose value is 0.94, ) is the wavelength
of the X-ray (0.154 nm), f in radians is the total width of the diffraction
peak and 0 is the corresponding Bragg angle.
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6.3. Scanning electron microscopy (SEM)

The SEM micrographs provide a detailed visualization of the
morphological changes occurring in cactus-derived cellulose before and
after dye adsorption, highlighting the structural modifications induced
by the interaction with Acid Blue 25 and Safranin O. The SEM images of
raw cellulose (Fig. 9(a)) reveal a highly porous and fibrous structure,
characterized by an irregular surface with numerous voids and inter-
connected networks of cellulose fibers. The rough texture and well-
defined fibrillar arrangement suggest a high surface area, which is
beneficial for adsorption processes. At higher magnifications (50 pm and
20 pm), the cellulose structure appears loose and open, with distinct
pores and crevices that can accommodate dye molecules during the
adsorption process. After adsorption of Acid Blue 25 (Fig. 9(b)), the SEM
images show significant changes in surface morphology. The initially
well-defined porous structure becomes partially covered, indicating the
presence of adsorbed dye molecules. The cellulose fibers appear more
compact, and the porosity is visibly reduced, suggesting successful
interaction between the dye and the cellulose surface. However, even at
higher magnifications, some pores and rough areas remain exposed,
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Fig. 8. X-ray diffraction (XRD) patterns of cellulose extracted from cactus.

indicating that Acid Blue 25 does not completely saturate the cellulose
surface. This partial coverage suggests that the interaction between Acid
Blue 25 and cellulose is moderate, allowing some regions of the material
to retain their original texture. In contrast, the SEM micrographs of
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Table 5
Peak position, intensity, crystallinity, and lattice parameters.
Pos. (°2Th) Height f (rada) (%)Crl Lp (nm)
1 10.788 163.59264 0.93955
2 15.769 204.02786 2.39831
3 22.093 323.91406 1.6642 38.48 0.0938
4 24.575 476.55724 1.98973 0.08
37.461 115.86088 1.17511

cellulose after the adsorption of Safranin O (Fig. 9(c)) display more
extensive structural modifications, with a significant reduction in
porosity. The surface appears much denser and more aggregated, with a
nearly complete masking of the fibrillar structure by a thick layer of
adsorbed material. At higher magnifications, the cellulose surface is
almost entirely coated, with minimal visible pores or voids, indicating a
more extensive interaction between Safranin O and cellulose. The
compact and layered appearance suggests a strong adherence of
Safranin O molecules to the cellulose matrix, leading to a drastic
transformation in the material’s surface morphology. The observed
differences in SEM images confirm that cellulose undergoes notable
textural modifications upon dye adsorption, with Safranin O inducing
more pronounced structural changes than Acid Blue 25. These micro-
structural variations provide clear evidence of the extent of adsorption
and demonstrate the ability of cactus-derived cellulose to effectively
modify its surface morphology in response to dye uptake.
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Fig. 9. SEM images of (a) raw cellulose extracted from cactus, (b) cellulose after adsorption of Acid Blue 25, and (c) cellulose after adsorption of Safranin O at

different magnifications.

6.4. Energy dispersive X-ray spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) analysis provides in-
sights into the elemental composition of cactus-derived cellulose before
and after the adsorption of Acid Blue 25 and Safranin O, revealing sig-
nificant changes that confirm successful dye uptake. The EDS spectrum
of raw cellulose ((Fig. 10(a))) primarily displays peaks corresponding to
carbon (C) and oxygen (O), which are characteristic of the organic na-
ture of cellulose [78]. The high carbon content is attributed to the
polysaccharide backbone of cellulose [79], while oxygen originates from

hydroxyl (-OH) and ether (-O-) functional groups present in the cellulose
structure [80]. The uniform distribution of these elements suggests a
clean and unmodified cellulose surface, providing a reference for com-
parison after dye adsorption.

After the adsorption of Acid Blue 25 (Fig. 10(b)), the EDS spectrum
exhibits notable changes, particularly with an increase in nitrogen (N)
content. This increase is attributed to the presence of nitrogen-
containing functional groups in the Acid Blue 25 dye molecules. Addi-
tionally, the oxygen content slightly increases, which could be due to
interactions between the dye’s sulfonate (-SOs~) groups and the
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Fig. 10. EDS images of (a) cellulose extracted from cactus, (b) cellulose after adsorption of Acid Blue 25, and (c) cellulose after adsorption of Safranin O.
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cellulose hydroxyl groups. The carbon content remains relatively stable,
but the adsorption process leads to a slight redistribution of elements, as
observed in the selected area analysis. These variations in elemental
composition confirm that Acid Blue 25 has successfully interacted with
the cellulose surface, though some regions remain unchanged, indi-
cating moderate adsorption. In contrast, the EDS spectrum of cellulose
after Safranin O adsorption (Fig. 10(c)) reveals even more pronounced
changes in elemental composition. A significant increase in nitrogen
content is observed, which is consistent with the molecular structure of
Safranin O, a cationic dye that contains multiple nitrogen atoms. The
increase in nitrogen concentration suggests strong adsorption of
Safranin O onto the cellulose surface. The carbon content remains
relatively unchanged, while oxygen levels slightly fluctuate, indicating
possible interactions between the dye molecules and cellulose functional
groups. Compared to Acid Blue 25, the higher nitrogen signal suggests
that Safranin O has a stronger affinity for cellulose, likely due to elec-
trostatic interactions and hydrogen bonding. The uniform distribution of
nitrogen throughout the analyzed areas further supports the conclusion
that the adsorption of Safranin O is more extensive than that of Acid Blue
25.

7. Adsorption

The adsorption behavior of Acid Blue 25 and Safranin O onto cel-
lulose was systematically evaluated under varying conditions, including
contact time, adsorbent mass, solution pH, and initial dye concentration
(Co). Each of these parameters played a crucial role in determining the
removal efficiency of the dyes, revealing the distinct interaction mech-
anisms governing their adsorption onto the cellulose surface.

International Journal of Biological Macromolecules 337 (2026) 149438

7.1. Effect of contact time on the adsorption of Acid Blue 25 and Safranin
o

The effect of contact time revealed a distinct biphasic adsorption
behavior for both dyes, highlighting the dynamic nature of their inter-
action with the cellulose surface, as shown in Fig. 11(a). During the
initial phase of adsorption, a rapid uptake of dye molecules was
observed, primarily due to the abundance of available active sites on the
cellulose surface [81]. At this stage, dye molecules could easily access
these sites without significant competition, resulting in a high initial
adsorption rate [82]. However, as the process progressed, the adsorption
rate gradually declined, eventually reaching equilibrium [83]. This
decrease in adsorption rate can be attributed to the progressive satura-
tion of active sites, steric hindrance from already adsorbed dye mole-
cules, and potential repulsive forces between similarly charged species
[84]. For Acid Blue 25, the optimal contact time was found to be 130
min, achieving a maximum removal efficiency of 41.12 %. The relatively
slow adsorption process suggests that the interactions between Acid Blue
25 and the cellulose surface were weaker compared to th ose of Safranin
O. Given that Acid Blue 25 is an anionic dye, its adsorption onto cellu-
lose, which carries a negative charge at higher pH values, is not pre-
dominantly governed by electrostatic attraction. Instead, other weaker
forces, such as hydrogen bonding and van der Waals interactions, play a
more significant role. Additionally, diffusion limitations may have
contributed to the slower adsorption kinetics, as dye molecules must
navigate through the porous cellulose structure to reach available
binding sites [85]. In contrast, Safranin O exhibited a much faster
adsorption process, achieving its highest removal efficiency of 91.98 %
within just 90 min. This rapid adsorption can be attributed to the strong
electrostatic attraction between the cationic Safranin O molecules and
the negatively charged cellulose surface at higher pH levels. The posi-
tively charged dye molecules are readily attracted to the negatively
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Fig. 11. Effect of various parameters on the removal of Acid Blue 25 and Safranin O using cellulose, (a) contact time (b) adsorbent dose (mass of cellulose), (c) pH,

(d) pHzc (e) initial dye concentration, (f) temperature.
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charged hydroxyl (-OH) and other functional groups on cellulose,
facilitating efficient adsorption. Furthermore, hydrogen bonding in-
teractions between Safranin O and cellulose’s hydroxyl groups further
enhance the adsorption process. Unlike Acid Blue 25, which relies on
weaker and non-electrostatic interactions, Safranin O benefits from a
more favorable binding mechanism, resulting in higher removal effi-
ciency and faster equilibrium attainment.

7.2. Effect of mass on the adsorption of Acid Blue 25 and Safranin O

The effect of adsorbent mass illustrated in Fig. 11(b) further high-
lighted the distinct adsorption behaviors of Acid Blue 25 and Safranin O,
emphasizing the role of active site availability and interaction mecha-
nisms in determining removal efficiency [86]. Increasing the adsorbent
mass generally leads to a greater number of available adsorption sites,
enhancing the removal of dye molecules from the solution [87]. How-
ever, the extent to which adsorption efficiency improves varies
depending on the nature of the dye and its interaction with the cellulose
surface [88]. For Acid Blue 25, the optimal adsorbent mass was found to
be 0.1 g, achieving an impressive removal efficiency of 91.88 %. This
high efficiency can be attributed to the increased availability of active
sites and the expanded surface area of cellulose, allowing for greater dye
adsorption [89]. At lower adsorbent masses, the limited number of
active sites may not be sufficient to accommodate all the dye molecules
in solution, resulting in lower removal efficiency [90]. As the adsorbent
mass increases, more binding sites become available, enabling higher
dye uptake and improved adsorption performance [91]. However,
beyond the optimal mass, further increases in adsorbent dosage may not
significantly enhance removal efficiency, as most of the dye molecules
would already be adsorbed, leading to equilibrium saturation [92]. In
contrast, Safranin O exhibited a different adsorption trend, with a
maximum removal efficiency of only 42.22 % at the same adsorbent
mass of 0.1 g. This comparatively lower efficiency suggests that the
adsorption process for Safranin O may be limited by site accessibility
rather than the total number of available active sites. Unlike Acid Blue
25, which benefits from increased adsorbent dosage, Safranin O’s
adsorption may be constrained by steric hindrance, saturation effects, or
differences in binding affinity. The positively charged Safranin O mol-
ecules may experience stronger competition for available sites, leading
to reduced adsorption efficiency despite an increase in adsorbent mass
[23]. Additionally, the presence of excess cellulose particles in the so-
lution could lead to partial aggregation, potentially reducing the overall
effective surface area available for adsorption.

7.3. Point of Zero Charge (pHzc) and effect of pH on the adsorption of
Acid Blue 25 and Safranin O

The pH of the solution plays a fundamental role in governing the
adsorption efficiency, as it simultaneously affects the surface charge of
the cellulose and the ionization state of the dye molecules, as shown in
Fig. 11(c). This dual influence is critical because it dictates the nature,
strength, and type of interactions between the adsorbent and the
adsorbate, including electrostatic attraction or repulsion, hydrogen
bonding, and van der Waals forces. The point of zero charge (pHpzc) of
the cactus-derived cellulose was determined to be 4 (Fig. 8d), indicating
that at pH values below 4, the cellulose surface carries a net positive
charge, while at pH values above 4, it becomes increasingly negatively
charged. This surface charge variation has a significant effect on the
adsorption of dyes with differing ionic characteristics.

Acid Blue 25, an anionic dye, has a pKa value of approximately 4.7,
which means that at pH values below its pKa, a substantial fraction of
the dye molecules are protonated and less negatively charged, whereas
above this pH, the dye exists predominantly in its deprotonated, nega-
tively charged form. In our experiments, the most favorable adsorption
of Acid Blue 25 occurred at pH 4, where the cellulose surface is near
neutral, minimizing electrostatic repulsion between the dye and the
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adsorbent. At this pH, the adsorption process was primarily driven by
secondary forces such as hydrogen bonding and van der Waals in-
teractions rather than strong electrostatic attraction, resulting in a
removal efficiency of 49.89 %. At pH values significantly below 4, the
cellulose surface carries a stronger positive charge, which could in
theory favor interaction with the anionic fraction of the dye; however,
the limited ionization of the dye and possible competitive protonation
effects reduce adsorption. Conversely, at pH values above the dye’s pKa,
the cellulose surface is negatively charged, and hydroxyl ions (OH") in
the solution compete with the anionic Acid Blue 25 molecules for active
sites on the cellulose, leading to a decrease in adsorption efficiency. This
indicates that both the dye ionization state and electrostatic interactions
are critical in controlling adsorption.

In contrast, Safranin O is a cationic dye with a pKa value of
approximately 6.4. Its adsorption behavior is almost entirely governed
by electrostatic interactions with the cellulose surface. The highest
removal efficiency of 96.44 % was observed at pH 9, where the cellulose
surface is strongly negatively charged. In this scenario, electrostatic
attraction between the positively charged dye molecules and the nega-
tively charged cellulose surface dominates the adsorption process,
significantly enhancing retention. At lower pH values, where the cellu-
lose surface carries a positive charge, electrostatic repulsion hinders
adsorption, leading to a marked reduction in dye removal. In addition to
electrostatic effects, hydrogen bonding and van der Waals interactions
also contribute to Safranin O adsorption, particularly at pH values close
to its pKa, where partial ionization occurs.

Overall, the adsorption behavior of both dyes demonstrates the
importance of considering the pKa values in combination with the pHpzc
of the adsorbent. For Acid Blue 25, optimal adsorption occurs when
repulsive forces are minimized and secondary interactions dominate,
whereas for Safranin O, adsorption is maximized when strong electro-
static attraction is present. These results highlight that the interplay
between the solution pH, the cellulose surface charge, and the dye
ionization state is a key factor controlling adsorption efficiency. Un-
derstanding these interactions allows for the optimization of pH condi-
tions to achieve maximum dye removal and provides insight into the
mechanisms underlying selective adsorption of different ionic dyes on
cellulose surfaces.

7.4. Effect of initial concentration on the adsorption of Acid Blue 25 and
Safranin O

The effect of initial dye concentration (Co) on adsorption efficiency
closely aligned with the saturation phenomenon observed during the
contact time studies [92]. Fig. 11(e) shows that as the initial dye con-
centration increased, the removal efficiency for both dyes exhibited a
noticeable decline. This behavior can be attributed to the finite number
of active adsorption sites available on the cellulose surface, which
become increasingly saturated as more dye molecules compete for
adsorption at higher concentrations [93]. At lower Co values, the active
sites are more readily accessible, allowing for higher removal efficiency.
However, as Co increases, the surface coverage of the adsorbent reaches
its capacity, limiting the extent of further adsorption [94]. This trend
was particularly pronounced for Acid Blue 25, which demonstrated a
steeper decline in removal efficiency with increasing initial concentra-
tion. The weaker interactions between Acid Blue 25 and cellulose, likely
dominated by van der Waals forces and hydrogen bonding, contributed
to this effect [95]. As the number of dye molecules in solution increased,
the competition for available binding sites intensified, leading to a sig-
nificant reduction in adsorption performance [96]. In contrast, while
Safranin O also exhibited a decline in removal efficiency with increasing
Co, its overall adsorption efficiency remained higher throughout the
concentration range studied. This can be attributed to the stronger
electrostatic interactions between Safranin O and the cellulose surface,
which facilitated more effective dye adsorption even at higher concen-
trations [97]. The positively charged nature of Safranin O likely
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enhanced its affinity toward the negatively charged functional groups on
cellulose, resulting in a more favorable adsorption process. Conse-
quently, despite the general trend of decreasing removal efficiency with
increasing dye concentration, the impact was less severe for Safranin O
compared to Acid Blue 25 [98].

7.5. Effect of temperature on the adsorption of Acid Blue 25 and Safranin
(0]

The effect of temperature on the removal efficiency of Safranin O and
Acid Blue 25 is shown in Fig. 11(f). The removal efficiency of Acid Blue
25 remains significantly higher compared to Safranin O across all tested
temperatures (25 K to 55 K). Acid Blue 25 shows consistently high
removal rates, ranging from 96.45 % at 25 K to 93.09 % at 55 K, indi-
cating a relatively stable adsorption performance. In contrast, Safranin
O demonstrates lower removal efficiency, decreasing slightly from
49.89 % at 25 K to 46.01 % at 55 K. This decline suggests that the
adsorption process for Safranin O may be more sensitive to increasing
temperature, possibly due to reduced interaction strength or competi-
tion for active sites.

7.6. Modeling of adsorption kinetic

The adsorption kinetics of Acid Blue 25 and Safranin O were
analyzed using two widely recognized models: the Pseudo-First-Order
(PFO) and the Pseudo-Second-Order (PSO) models, as shown in
Table 6 and Fig. 12(a), (b), (¢), and (d). For the PFO model [99], the
calculated equilibrium adsorption capacities (qe,cal) were found to be
25.23 mg/g for Acid Blue 25 and 88.23 mg/g for Safranin O, indicating
that the initial adsorption capacity for Safranin O was significantly
higher than for Acid Blue 25. The rate constant (k;), which reflects the
adsorption rate, was 0.02748 min~" for Acid Blue 25 and 0.0504 min~!
for Safranin O. The PFO model showed a good correlation for Acid Blue
25, with a correlation coefficient (R?) of 0.979, but the fit was relatively
weaker for Safranin O, with an R? value of 0.853, suggesting that the
PFO model was not as effective in describing the adsorption of Safranin
O. In contrast, the PSO model [100], which is more appropriate for
describing adsorption processes that occur on a surface with limited
adsorption sites, provided improved results. The calculated equilibrium
adsorption capacities (qge, cal) were 31.39 mg/g for Acid Blue 25 and
105.04 mg/g for Safranin O, both of which were higher than those
predicted by the PFO model, suggesting that the adsorption of both dyes
followed a second-order kinetic process more closely. The rate constants
(ko) were 0.000492 g. mg~'.min"! for Acid Blue 25 and 0.0000823 g.
mg L.min~! for Safranin O, which are relatively small and indicate
slower adsorption processes. Notably, the PSO model demonstrated a
significantly better fit to the experimental data, with R? values of 0.990
for Acid Blue 25 and 0.995 for Safranin O, indicating that the adsorption
processes for both dyes were more accurately described by the second-
order model. These results underscore the importance of using the
PSO model to describe the adsorption kinetics of Acid Blue 25 and
Safranin O, as it provides a more accurate representation of the dye
removal process, particularly for Safranin O, where the PFO model
exhibited a weaker fit.

Table 6
Kinetic parameters for the adsorption of Acid Blue 25 and Safranin O: Pseudo
First Order (PFO) and Pseudo Second Order (PSO) models.

Model Parameter Acid Blue 25 Safranin O
Pseudo First Order (PFO) Qe,cal (Mg/g) 25.23 88.23

ky (min~') 0.02748 0.0504

R? 0.979 0.853
Pseudo Second Order (PSO) Qe,cal (Mg/g) 31.39 105.04

ko (g.mg—'.min—')  0.000492 0.0000823

R? 0.990 0.995
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7.7. Modeling of adsorption isotherms

The adsorption of Acid Blue 25 and Safranin O was modeled using
three well-known adsorption isotherms: Langmuir, Freundlich, and
Temkin, to analyze the equilibrium data and understand the nature of
the adsorption process for each dye In the case of the Langmuir isotherm
model, as shown in Table 7 and Fig. 12(e) and (f), which assumes a
monolayer adsorption on a surface with a fixed number of adsorption
sites, the maximum adsorption capacity (qm) for Acid Blue 25 was found
to be 11.07 mg/g, whereas for Safranin O, it was significantly higher at
124.38 mg/g. This indicates that Safranin O has a much higher
adsorption capacity on the surface compared to Acid Blue 25. The
Langmuir constant (Kp), which reflects the affinity between the adsor-
bate and the adsorbent [31], was 0.417 L/mg for Acid Blue 25 and 27.40
L/mg for Safranin O. The high value of Kj, for Safranin O suggests a
stronger affinity and a more favorable adsorption process for this dye.
The Langmuir model exhibited a strong fit to the experimental data,
with correlation coefficients (Rz) of 0.984 for Acid Blue 25 and 0.997 for
Safranin O. These high R? values indicate that the adsorption of both
dyes follows the characteristics of monolayer adsorption, with the dye
molecules occupying identical sites on the surface without further
interaction. For the Freundlich isotherm, as shown in Table 7 and Fig. 12
(g) and (h), which is based on the assumption of adsorption on a het-
erogeneous surface, the Freundlich constant (Kg) for Acid Blue 25 was
83.93 mg/g indicating a higher initial adsorption capacity compared to
Safranin O, which had a Kg value of 42.11 mg/g. The parameter 1/ng is
used to assess the adsorption intensity and heterogeneity of the
adsorption sites. For Acid Blue 25, 1/nF was 2.87, while for Safranin O,
it was 3.98. These values indicate that the adsorption process for both
dyes occurs on heterogeneous surfaces, but with greater intensity for
Acid Blue 25. The correlation coefficients (Rz) for the Freundlich model
were 0.89 for Acid Blue 25 and 0.95 for Safranin O, showing that while
the Freundlich model is applicable to the data, it provides a moderate fit
compared to the Langmuir model, especially for Acid Blue 25. The
Temkin model, as shown in Table 7 and Fig. 12(i) and (j), which assumes
that the heat of adsorption decreases linearly as the adsorption sites
become occupied, showed a reasonable fit for both dyes. The Temkin
constant (Bt) for Acid Blue 25 was 6.27 J/mol, while for Safranin O, it
was 19.88 J/mol, indicating different adsorption energies for the two
dyes. A higher BT value for Safranin O suggests stronger binding energy
during adsorption. The Temkin constant (Kp), which reflects the
adsorption equilibrium, was found to be 0.0006 L/mg for Acid Blue 25
and 5.69 L/mg for Safranin O. The high value of Kt for Safranin O in-
dicates a stronger tendency for adsorption at higher concentrations. The
correlation coefficients (Rz) for the Temkin model were 0.921 for Acid
Blue 25 and 0.950 for Safranin O, indicating that the Temkin model is
also reasonably suitable for describing the adsorption data for both dyes,
though it does not provide as good a fit as the Langmuir model.

7.8. Thermodynamic study

The thermodynamic parameters for the adsorption of Acid Blue 25
and Safranin O were evaluated to understand the nature of the adsorp-
tion process at different temperatures, as presented in Table 8 and
Fig. 12(k) and (1). The change in enthalpy (AH®) for Acid Blue 25 was
—4.195 kJ/mol, indicating that the adsorption process is exothermic and
releases heat. In comparison, Safranin O exhibited a more negative AH®
of —20.45 kJ/mol, suggesting a significantly stronger exothermic
adsorption process. The entropy change (AS°) for Acid Blue 25 was
—17.18 J/mol K, indicating a decrease in randomness and the formation
of a more ordered system during adsorption. Safranin O showed a more
negative AS° of —43.46 J/mol K, further reflecting a highly ordered
adsorption mechanism.

The Gibbs free energy change (AG®), which reflects the spontaneity
of the adsorption process, was calculated at 298 K, 308 K, and 318 K. For
Acid Blue 25, AG® values were positive at all temperatures, specifically
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Model for Safranin O. F: (k) Van’t Hoff Plot for Thermodynamic Analysis of Safranin O Adsorption, (1) Van’t Hoff Plot for Thermodynamic Analysis of Acid Blue

25 Adsorption.

Table 7
Adsorption isotherm parameters for Acid Blue 25 and Safranin O: Langmuir,
Freundlich, and Temkin models.

Model Parameter Acid Blue 25 Safranin O
Langmuir qm (mg/g) 11.07 124.38
Ky, (L/mg) 0.417 27.40
R? 0.984 0.997
Freundlich Kr (mg/g) 83.93 42.11
1/nF 2.87 3.98
R? 0.89 0.95
TemKin Br (J/mol) 6.27 19.88
Kt (L/mg) 0.0006 5.69
R? 0.921 0.950
Table 8

Thermodynamic parameters for the adsorption of Acid Blue 25 and Safranin O:
Enthalpy (AH°), Entropy (AS°), and Gibbs Free Energy (AG°) at different
temperatures.

Adsorbents AHe (kJ/ ASe (J/ AG o at AG o at AGe at 318
mol) mol-K) 298 K (kJ/ 308 K (kJ/ K (kJ/mol)
mol) mol)
Acid Blue —4.195 -17.18 1.92 2.09 2.26
25
Safranin O —20.45 —43.46 —7.54 -7.10 —6.66

1.92 kJ/mol at 298 K, 2.09 kJ/mol at 308 K, and 2.26 kJ/mol at 318 K,
indicating that the adsorption of Acid Blue 25 is not thermodynamically
favorable under the studied conditions. In contrast, Safranin O adsorp-
tion was spontaneous, with negative AG® values of —7.54 kJ/mol at 298
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K, —7.10 kJ/mol at 308 K, and —6.66 kJ/mol at 318 K. These results
indicate that the adsorption of Safranin O is both exothermic and
spontaneous, although it becomes slightly less favorable as the tem-
perature increases.

8. DFT analysis
8.1. Global reactivity descriptions

The molecular orbital analysis provides crucial insights into the
electronic properties and adsorption behavior of Acid-Blue 25 and
Safranin O onto cellulose. The energy levels of the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO), along with the energy gap (Eg), reveal significant differences in
the adsorption efficiency of these dyes [101,102]. As indicated in
Table 9 and Fig. 13, cellulose (Fig. 13c) exhibits a large energy gap of
6.38 eV, with a HOMO energy of —6.86 eV and a LUMO energy of —0.48
eV, confirming its electronic stability and limited inherent reactivity.
The dye molecules, however, display significantly lower energy gaps,

Table 9
Electronic properties (HOMO, LUMO, and Band Gap) of cellulose, Acid Blue 25,
Safranin O, and their complexes.

Name of the molecules HOMO (eV) LUMO (eV) Eg (eV)
Cellulose —6.86 —0.48 6.38
Acid-Blue 25 -5.33 -3.11 2.22
Safranin O —4.25 —2.55 1.70
Cellulose@Acid-Blue 25 —5.79 —3.46 2.33
Cellulose@Safranin O —5.65 —2.95 2.70
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suggesting their higher reactivity and propensity to interact with cel-
lulose. Acid-Blue 25 (Fig. 13a) has a HOMO level of —5.33 eV, a LUMO
level of —3.11 eV, and a relatively small energy gap of 2.22 eV, whereas
Safranin O (Fig. 103b) has a HOMO at —4.25 eV, a LUMO at —2.55 eV,
and an even smaller energy gap of 1.70 eV. The lower energy gap of
Safranin O compared to Acid-Blue 25 suggests that it is more chemically
reactive, facilitating stronger electronic interactions with the cellulose
surface. Upon adsorption onto cellulose, both dyes undergo notable
electronic modifications, reflected in changes to their HOMO, LUMO,
and energy gap values. The Cellulose@Acid-Blue 25(Fig. 13d) complex
exhibits an energy gap of 2.33 eV (compared to 2.22 eV for free Acid-
Blue 25), while the Cellulose@Safranin O (Fig. 13e) complex shows an
energy gap of 2.70 eV (compared to 1.70 eV for free Safranin O).
Interestingly, despite the increase in the energy gap upon adsorption,
Safranin O exhibits stronger adsorption onto cellulose compared to Acid-
Blue 25. This can be attributed to multiple factors. First, the higher
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HOMO energy of Safranin O (—4.25 eV) compared to Acid-Blue 25
(—5.33 eV) means that Safranin O has a greater ability to donate elec-
trons, facilitating stronger interactions with the cellulose functional
groups, particularly through electrostatic and rn-n stacking interactions.
Additionally, the molecular structure of Safranin O, with its planar ar-
omatic rings and nitrogen-containing groups, enhances its affinity for
cellulose, which is rich in hydroxyl (-OH) and other polar functional
groups. The redistribution of electron density in the molecular orbital
diagrams further supports this conclusion, as the adsorption of Safranin
O onto cellulose results in significant delocalization of electron density
over the cellulose surface, indicating strong host-guest interactions. In
contrast, Acid-Blue 25, despite its relatively small energy gap, exhibits
slightly weaker interactions with cellulose. This could be due to steric
hindrance from its molecular structure, which may limit the extent of
direct contact with the cellulose surface, reducing its adsorption eftfi-
ciency. Furthermore, the polarity and solubility of Acid-Blue 25 in
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aqueous solutions may influence its adsorption equilibrium, making it
less likely to form strong bonds with cellulose compared to Safranin O.
The observed differences in adsorption behavior are also evident in the
molecular orbital distributions, where the electron density in the Cel-
lulose@Safranin O complex shows broader delocalization, suggesting
stronger electronic coupling between the dye and the adsorbent.

8.2. Characteristics of global reactivity

The quantum chemical parameters, including chemical hardness (1),
softness (S), chemical potential (p), electronegativity (y), electrophi-
licity index (®), and maximum charge transfer capacity (ANmax), pro-
vide valuable insights into the adsorption interactions between cellulose
and the dye molecules Acid Blue 25 and Safranin O [103], as illustrated
in Table 10. These parameters influence the electronic reactivity, charge
transfer capabilities, and overall stability of the adsorbent-adsorbate
complexes, thereby explaining the adsorption efficiency differences.
Cellulose, as a pristine adsorbent, exhibits the highest chemical hardness
(n = 3.19 eV) and the lowest softness (S = 0.31 eV), indicating its high
stability and resistance to electronic perturbation. The high electro-
negativity (y = 3.67 eV) suggests a moderate ability to attract electrons,
while the high electrophilicity index (o = 21.48 eV) implies that cellu-
lose can act as a strong electron acceptor under favorable conditions.
The total charge transfer capacity (ANmax = 1.15) is relatively low,
reflecting its limited intrinsic ability to exchange electrons with other
species. These properties suggest that while cellulose is chemically sta-
ble, its adsorption capacity relies heavily on external interactions such
as hydrogen bonding and electrostatic attraction rather than direct
charge transfer. The dyes, Acid-Blue 25 and Safranin O, exhibit signifi-
cantly different electronic characteristics. Acid-Blue 25 has a lower
chemical hardness (n = 1.11 eV) and higher softness (S = 0.90 eV),
indicating that it is more chemically reactive and prone to electronic
interactions. Its chemical potential (n = —4.22 eV) and electronegativity
(x = 4.22 eV) are slightly higher than those of Safranin O, suggesting
that it is a stronger electron acceptor. The electrophilicity index (o =
9.88 eV) and charge transfer capacity (ANmax = 3.80) further confirm
its moderate reactivity. On the other hand, Safranin O is even softer (S =
1.18 eV) and has a lower hardness (1 = 0.85 eV), making it the most
reactive species among the studied molecules. Its chemical potential (p
= —3.40 eV) and electronegativity (y = 3.40 eV) suggest a slightly
weaker electron-accepting ability compared to Acid-Blue 25, but its low
electrophilicity index (o = 4.91 eV) and high charge transfer capacity
(ANmax = 4.00) indicate that it is more effective in electron donation,
which can enhance interactions with cellulose through charge redistri-
bution mechanisms. When cellulose interacts with these dyes to form the
Cellulose@Acid-Blue 25 and Cellulose@Safranin O complexes, notable
changes in electronic properties occur, reflecting their different
adsorption behaviors. In the Cellulose@Acid-Blue 25 complex, the
chemical hardness slightly increases to 1.17 eV, while the softness de-
creases to 0.86 eV, indicating a reduction in reactivity due to stabiliza-
tion. The chemical potential shifts to —4.63 eV, suggesting an increased
tendency to attract electrons, while the electronegativity rises to 4.63
eV. The electrophilicity index increases to 12.46 eV, indicating an
enhancement in electron-accepting ability, and the charge transfer ca-
pacity (ANmax = 3.97) shows that significant electron exchange occurs

Table 10
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between Acid-Blue 25 and cellulose. In contrast, the Cellulose@Safranin
O complex exhibits a slightly higher chemical hardness (n = 1.35 eV)
and lower softness (S = 0.74 eV), making it more stable than the Acid-
Blue 25 complex. The chemical potential (—4.30 eV) and electronega-
tivity (4.30 eV) indicate moderate electronic attraction, while the elec-
trophilicity index (o = 12.48 eV) remains nearly identical to that of the
Cellulose@Acid-Blue 25 complex. However, the total charge transfer
capacity (ANmax = 3.19) is lower than in the Acid-Blue 25 complex,
suggesting that while Safranin O interacts strongly with cellulose, it
relies more on electrostatic and n-n interactions rather than direct
charge transfer. The observed trends support the experimental finding
that cellulose adsorbs Safranin O more efficiently than Acid-Blue 25.
Despite the slightly lower ANmax value for the Cellulose@Safranin O
complex, the higher softness (S = 1.18 eV) and lower hardness (n = 0.85
eV) of free Safranin O suggest that it is highly reactive and can interact
favorably with cellulose. Furthermore, its molecular structure, which
contains aromatic rings and nitrogen-based functional groups, promotes
strong n-n stacking and hydrogen bonding with cellulose. The enhanced
stability of the Cellulose@Safranin O complex, along with its moderate
charge transfer properties, explains why it has a greater affinity for
cellulose than Acid-Blue 25. In contrast, Acid-Blue 25, despite its higher
ANmax value in the complex, may experience steric hindrance and
solubility-related effects that reduce its overall adsorption efficiency.
The quantum descriptors confirm that Safranin O is a more suitable
candidate for adsorption onto cellulose due to its higher softness, lower
hardness, and strong electronic interactions. The Cellulose@Safranin O
complex is more stable than the Cellulose@Acid-Blue 25 complex,
which correlates with the observed higher adsorption efficiency of
Safranin O onto cellulose.

8.3. MEP geometries

The Molecular Electrostatic Potential (MEP) maps provide crucial
insights into the adsorption behavior of cellulose with Acid-Blue 25 and
Safranin O by illustrating the charge distribution and potential inter-
action sites on the molecular surfaces. In these maps, regions of high
electron density, often depicted in red, correspond to electrophilic sites,
whereas areas of low electron density, shown in blue, represent nucle-
ophilic sites. The MEP surface of cellulose (Fig. 14a) itself exhibits strong
negative potential around oxygen-containing functional groups, partic-
ularly hydroxyl (-OH) groups, which serve as primary adsorption sites
through hydrogen bonding and electrostatic interactions. When exam-
ining the MEP of the dye molecules, distinct differences emerge between
Acid-Blue 25 and Safranin O, which explain their varying adsorption
affinities toward cellulose. The MEP surface of Acid-Blue 25 (Fig. 14b)
reveals a relatively uniform charge distribution with moderate electron-
rich and electron-deficient regions, suggesting that it has limited strong
electrostatic interaction potential with cellulose. On the other hand,
Safranin O (Fig. 14c) exhibits highly localized regions of positive and
negative electrostatic potential, particularly around nitrogen atoms and
aromatic rings, which significantly enhance its interaction with cellu-
lose’s negatively charged oxygen sites. This pronounced charge sepa-
ration in Safranin O leads to stronger electrostatic interactions,
hydrogen bonding, and n-n stacking with cellulose, making it more
favorably adsorbed compared to Acid-Blue 25. The post-adsorption MEP

Global reactivity descriptors of cellulose, Acid-Blue 25, Safranin O, and their adsorbed complexes: Hardness (1), Softness (S), Chemical Potential (u), Electronegativity

(), Electrophilicity (»), and Maximum Charge Transfer (ANmax).

Name of the molecules n (hardness) S (softness)

p (chemical potential)

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

Cellulose 3.19 0.31 —3.67
Acid-Blue 1.11 0.90 —4.22
Safranin 0.85 1.18 —3.40
Cellulose@Acid-Blue 25 1.17 0.86 —4.63
Cellulose@Safranin O 1.35 0.74 —4.30

3.67 21.48 1.15
4.22 9.88 3.80
3.40 4.91 4.00
4.63 12.46 3.97
4.30 12.48 3.19
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Fig. 14. Molecular structures and electrostatic potential maps of, (a) Acid-Blue 25, (b) Safranin O, (c) Cellulose, (d) Cellulose@Acid-Blue 25, (e) Cellulose@Safranin

O, (f) Electrostatic Potential of Cellulose@Acid-Blue 25.

analysis further corroborates this observation, as evident in the charge
redistribution on the cellulose@Safranin O and cellulose@Acid-Blue 25
complexes. The MEP surface of the cellulose@Safranin O (Fig. 14d)
complex displays intense charge localization at the adsorption interface,
indicating strong electrostatic interactions and hydrogen bonding be-
tween cellulose’s hydroxyl groups and Safranin O’s functional moieties,
reinforcing its higher adsorption efficiency. In contrast, the MEP surface
of the cellulose@Acid-Blue 25 (Fig. 14e) complex exhibits a more
dispersed charge distribution, which suggests weaker electrostatic in-
teractions and a lower affinity of cellulose for Acid-Blue 25, further
supporting the experimental findings that cellulose adsorbs Safranin O
more effectively than Acid-Blue 25.

8.4. Electrostatic interactions and adsorption behavior of Acid Blue 25
and Safranin O on cellulose: insights from Molecular Electrostatic
Potential (MEP) maps under acidic and basic conditions

The Molecular Electrostatic Potential (MEP) maps under acidic and
basic conditions provide crucial insights into the adsorption behavior of
Acid Blue 25 and Safranin O on cellulose, as shown in Table 11. The MEP
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distribution highlights how charge distribution and electrostatic in-
teractions influence the affinity of these dyes toward the cellulose sur-
face, particularly in relation to the point of zero charge (pHzc) of
cellulose at pH 4. Under acidic conditions, Acid Blue 25 exhibits a
relatively uniform charge distribution with minimal highly polarized
regions, as indicated by the predominantly green coloration [18]. This
suggests that Acid Blue 25 has a lower tendency for strong electrostatic
interactions under acidic conditions. However, since Acid Blue 25 ach-
ieves its highest adsorption between pH 3 and 4, this indicates that the
dye likely interacts with cellulose through non-electrostatic interactions
such as hydrogen bonding and van der Waals forces rather than strong
Coulombic attraction. The MEP of Safranin O under acidic conditions is
characterized by weak polarization, suggesting a limited electrostatic
driving force for adsorption. This aligns with experimental observations
that Safranin O does not adsorb efficiently in acidic environments due to
its cationic nature, which experiences repulsion from the slightly posi-
tive cellulose surface below pH 4. Meanwhile, cellulose under acidic
conditions displays a predominantly blue electrostatic potential, indi-
cating a slightly electron-deficient surface, which may not strongly
attract cationic species like Safranin O but could facilitate interactions
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Table 11
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Molecular Electrostatic Potential (MEP) maps of Acid Blue 25, Safranin O, and cellulose under acidic and basic conditions.
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with anionic species. Under basic conditions, Acid Blue 25 exhibits a
more intense green distribution, maintaining its weakly polarized
structure, suggesting that it does not strongly interact with negatively
charged cellulose in alkaline environments. This explains its lower
adsorption above pH 4, as the increasing negative charge on the cellu-
lose surface leads to repulsion between cellulose and Acid Blue 25. In
contrast, Safranin O displays a highly polarized MEP with distinct red
regions indicating strong electron density localization. This suggests an
increased potential for electrostatic interactions, particularly with the
negatively charged cellulose surface in basic conditions (pH > 4). Since
Safranin O exhibits its best adsorption between pH 6 and 9, this indicates
that the strong electrostatic attraction between the negatively charged
cellulose and the positively charged Safranin O plays a dominant role in
its adsorption mechanism. The MEP map of cellulose in basic conditions
shows a shift to more intense red and yellow regions, indicating an in-
crease in negative surface charge, which enhances its affinity for
cationic dyes like Safranin O while repelling anionic dyes such as Acid
Blue 25. These demonstrate that adsorption efficiency is largely gov-
erned by the interplay between the charge of the adsorbate and the
adsorbent. Since the pHzc of cellulose is 4, the surface is positively
charged below this pH and negatively charged above it. This explains
why Acid Blue 25, an anionic dye, is best adsorbed in slightly acidic
conditions near pH 3-4, where the cellulose surface retains a positive
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charge. Conversely, Safranin O, a cationic dye, is best adsorbed in
slightly basic conditions (pH 6-9), where the cellulose surface is nega-
tively charged, promoting strong electrostatic attraction.

9. Adsorption mechanism of Acid Blue 25 and Safranin O onto
cellulose

Fig. 15 presents a comprehensive illustration of the proposed
adsorption mechanisms of Acid Blue 25 and Safranin O onto cactus-
derived cellulose, highlighting the complex interplay of multiple phys-
icochemical interactions responsible for dye retention. The cellulose
framework, characterized by abundant hydroxyl, ether, and occasion-
ally carboxyl functional groups, provides a highly reactive surface with
numerous binding sites. These sites allow cellulose to interact with both
anionic and cationic dyes through a combination of hydrogen bonding,
electrostatic interactions, n—n stacking, and van der Waals forces,
contributing to a stable and efficient adsorption process.

For Acid Blue 25, an anionic dye, adsorption is largely controlled by
hydrogen bonding, electrostatic interactions, and n-n stacking. The
hydroxyl groups of cellulose form hydrogen bonds with the amine and
sulfonic groups of Acid Blue 25, providing strong, directional in-
teractions that facilitate anchoring of dye molecules onto the cellulose
surface. Electrostatic interactions also play a role: although the cellulose
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Fig. 15. Schematic representation of the interaction mechanisms involved in the adsorption of Acid Blue 25 and Safranin O onto cellulose.

surface is near neutral at pH 4 (close to its point of zero charge), partially
positive sites on the cellulose interact with the negatively charged sul-
fonate groups of the dye, enhancing binding affinity. At higher pH
values, where the cellulose surface becomes increasingly negative,
adsorption decreases due to electrostatic repulsion between the nega-
tively charged surface and the anionic dye. In addition, the aromatic
rings of both Acid Blue 25 and cellulose can engage in n—x stacking in-
teractions, further stabilizing the adsorption complex. Van der Waals
forces also contribute to the retention of dye molecules, particularly at
sites where specific interactions such as hydrogen bonding are limited,
ensuring that even non-polar regions of the dye can be adsorbed.
Collectively, these interactions result in moderate adsorption efficiency,
which can be further influenced by solution parameters such as ionic
strength and temperature.

In contrast, Safranin O, a cationic dye, exhibits adsorption predom-
inantly governed by electrostatic attraction. The positively charged
amino groups of Safranin O are strongly attracted to the negatively
charged sites on the cellulose surface, particularly at pH values above
the point of zero charge. This strong electrostatic interaction is the
primary driver of adsorption and explains the higher removal efficiency
of Safranin O compared to Acid Blue 25. Hydrogen bonding also con-
tributes, with nitrogen-containing functional groups of the dye forming
interactions with cellulose hydroxyl groups. Additionally, n-n in-
teractions between the aromatic rings of Safranin O and cellulose further
stabilize the adsorption complex. Van der Waals forces provide non-
specific binding, ensuring that dye molecules adhere even in regions
not directly involved in specific interactions. The combined effect of
these forces produces a robust, multilayer adsorption process where dye
molecules are tightly retained on the cellulose surface.

Moreover, the adsorption process is strongly influenced by the pKa
values of the dyes and the pH of the solution, which together determine
the ionization state of the dyes and the surface charge of the cellulose.
Acid Blue 25 has a pKa of ~4.7, meaning it becomes predominantly
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Table 12
Adsorption capacities of cellulose and other adsorbents.
Adsorbents Qmax References
(mg/g)

Safranin O Castor biomass 3.22 [104]
Alginate/pomegranate peels beads 30.769 [105]
Modified red mud 89.4 [4]
MZXene 33.95 [106]
Guar gum succinate (GGS) 113.64 [5]
kC-g-poly (AAC-co IA)/MWCNT 10.71 [107]
Coconut coir-derived nanocellulose 79.3 [6]
Cellulose 124.38 This work

Acid Blue Baggase pith 17.5 [71

25 Peat 14.4 [108]

Activated carbon from tobacco residue 0.96 [109]
d polyethyleneimine functionalized tin 14 [9]
(IV)-porphyrinic complex
Activated carbon from Citrus sinensis leaf 543.47 [110]
CuO-embedded chitosan 294.1 [111]
Cellulose 11.07 This work

deprotonated and negatively charged at pH values above this point,
increasing repulsion with the negatively charged cellulose surface.
Safranin O has a pKa of ~6.4, and at pH values above this, the dye re-
mains cationic, favoring strong electrostatic attraction. This highlights
that optimal adsorption occurs when electrostatic attraction is maxi-
mized and repulsion minimized, while hydrogen bonding and van der
Waals interactions act as supportive mechanisms.

Additionally, competitive adsorption and site availability influence
the mechanism. In real systems, multiple dye molecules may compete
for the same active sites on the cellulose surface, which can reduce
adsorption efficiency for one dye while favoring another, depending on
charge and molecular size. Temperature and ionic strength can also
modulate adsorption, as higher temperatures may disrupt weak
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interactions such as van der Waals forces, and high ionic strength may
screen electrostatic interactions, altering the binding dynamics.

In summary, the adsorption of Acid Blue 25 and Safranin O on cel-
lulose is a multifaceted process involving synergistic effects of electro-
static attraction/repulsion, hydrogen bonding, n—= stacking, and van der
Waals forces. Acid Blue 25 adsorption is limited by electrostatic repul-
sion at higher pH and relies more on hydrogen bonding and van der
Waals forces, whereas Safranin O adsorption is strongly driven by
electrostatic attraction and further stabilized by secondary interactions.
This detailed mechanistic understanding underscores the versatility and
efficiency of cellulose as a sustainable adsorbent capable of capturing
both anionic and cationic dyes under varied environmental conditions,
demonstrating its potential for practical wastewater treatment
applications.

10. Comparison of adsorption capacities of cellulose with other
adsorbents for the adsorption of Safranin O and Acid Blue 25
removal

Table 12 highlights the adsorption efficiencies (qmax) of various
materials, providing insight into the potential of cellulose as a compet-
itive adsorbent. The adsorption capacities of various adsorbents for
Safranin O and Acid Blue 25 dyes reveal significant differences
depending on their composition and surface characteristics. For Safranin
O, the adsorption capacities ranged from 3.22 mg/g for castor biomass
to 124.38 mg/g for the cellulose synthesized in this work. Traditional
materials such as castor biomass and kC-g-poly(AAC-co-IA)/MWCNT
exhibited relatively low adsorption performance, while modified ma-
terials like red mud (89.4 mg/g), MXene (33.95 mg/g), and coconut
coir-derived nanocellulose (79.3 mg/g) demonstrated enhanced ca-
pacities due to increased surface area and functionalization. Notably,
the cellulose prepared in this study showed the highest adsorption ca-
pacity (124.38 mg/g), indicating its superior efficiency toward Safranin
O removal, likely attributed to its abundant hydroxyl groups, high
porosity, and strong dye-surface interactions. In contrast, for Acid Blue
25, adsorption capacities varied widely among different adsorbents,
ranging from 0.96 mg/g for activated carbon derived from tobacco
residue to 543.47 mg/g for activated carbon obtained from Citrus
sinensis leaves. Although some advanced composites such as CuO-
embedded chitosan (294.1 mg/g) showed high adsorption potential,
the cellulose synthesized in this work exhibited a moderate adsorption
capacity of 11.07 mg/g. This result suggests that while the cellulose
surface provides effective sites for cationic dye adsorption like Safranin
0O, its interaction with anionic dyes such as Acid Blue 25 is less favorable,
possibly due to electrostatic repulsion between negatively charged dye
molecules and the cellulose surface under experimental conditions.

11. Conclusion

This study successfully demonstrated the potential of cellulose
extracted from cactus cladodes as an efficient, low-cost, and sustainable
adsorbent for dye removal from aqueous solutions. The extraction pro-
cess was optimized using Design-Expert software, achieving ideal con-
ditions of 15 % NaOH, 98 °C, and 90 min, resulting in cellulose with
enhanced surface area and active binding sites. The optimized material
exhibited remarkable adsorption performance toward the cationic dye
Safranin O, with a maximum capacity of 124.38 mg/g and a removal
efficiency of 91.98 %, while the adsorption of the anionic dye Acid Blue
25 was less favorable (41.12 %), mainly due to electrostatic repulsion.
Kinetic and isotherm analyses revealed that the adsorption followed a
pseudo-second-order model and fitted well with the Langmuir isotherm,
indicating chemisorption and monolayer adsorption on a homogeneous
surface.

Thermodynamic results confirmed that the adsorption of Safranin O
was spontaneous and exothermic, whereas that of Acid Blue 25 was non-
spontaneous and endothermic. DFT simulations further supported these
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findings, showing stronger binding energies and charge-transfer in-
teractions between Safranin O and cellulose. Collectively, these results
highlight the effectiveness of cactus-derived cellulose as a renewable
and eco-friendly adsorbent for cationic dye removal.

This work contributes to the advancement of green materials for
wastewater treatment and demonstrates the value of integrating
experimental optimization with theoretical modeling. Future research
should focus on surface modification and composite formation to extend
the adsorption capacity toward a broader spectrum of pollutants, rein-
forcing the role of cactus-derived cellulose in sustainable environmental
remediation technologies.
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