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ABSTRACT: This research aims to investigate the potential of a plant cellulose developed from Opuntia ficus-indica
(OFI) cladode as a sustainable and renewable adsorbent for the removal of neutral red (NR), a cationic dye pollutant,
from aqueous environments. Analysis of raw and treated OFI using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier Transform Infrared Spectroscopy (FTIR) demonstrated the successful extraction
of type Iβ cellulose. The Brunauer–Emmett–Teller (BET) analysis of the nitrogen adsorption-desorption isotherm
revealed an improved specific surface area of 12.4 m2/g after treatment. A systematic study of key parameters in
batch adsorption experiments revealed removal rates greater than 90% at pH = 3, an adsorbent dosage of 3 g/L
and an initial dye concentration of 100 mg/L with equilibrium achieved within 2 h. The high correlation coefficient
(R2 = 0.98) obtained with the Langmuir isotherm model suggests that the adsorption behavior is consistent with
monolayer surface adsorption. A maximum adsorption capacity (Qm) of 357.1 mg/g for neutral red dye was achieved,
demonstrating a significant adsorption capacity relative to other materials such as chitosan-modified activated carbon
and halloysite nanotubes. The pseudo-second-order model effectively described the kinetics of the adsorption phenom-
ena. Thermodynamic analysis revealed an exothermic and spontaneous adsorption process, with an enthalpy change
(ΔH) of −24.886 kJ/mol, indicative of predominantly physisorption-driven interactions. Moreover, the regenerated
cellulose exhibited a retention of over 70% efficiency after multiple adsorption-desorption cycles, highlighting its
potential as an excellent reusable adsorbent. The outcomes of this research present an environmentally conscious
alternative to synthetic adsorbents, facilitating the effective NR dye removal through renewable and sustainable means.
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1 Introduction
The rapid pace of industrialization and population growth has exacerbated water pollution, particularly

in textile, food processing, cosmetics, printing, and paper manufacturing [1,2]. In developing countries,
where persistent organic pollutants (POPs) with synthetic dyes a particularly prevalent and hazardous class
of contaminants [3,4] pose a major challenge in wastewater treatment [5]. Their extensive use, coupled
with their high stability due to complex aromatic structures, renders them resistant to degradation by light,
heat, and conventional oxidants, leading to their accumulation in aquatic ecosystems. This persistence poses
significant risks to human health, as exposure to organic dyes has been linked to immunotoxicity, carcino-
genicity, and chronic diseases. Therefore, for environmental protection, it is paramount to develop effective
techniques for pre-discharge dye removal from wastewater [6]. Several techniques have been investigated
for dye removal, including coagulation-flocculation [7], adsorption, ion exchange, oxidation and advanced

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/JRM
https://www.techscience.com/
http://dx.doi.org/10.32604/jrm.2025.02025-0022
https://www.techscience.com/doi/10.32604/jrm.2025.02025-0022
mailto:rached.benhassen@issbat.utm.tn


1390 J Renew Mater. 2025;13(7)

oxidation [8], phytoremediation [9] as well as electrochemical [10] and photochemical degradation [11]
and a variety of biological treatment methods, such as biodegradation [12], constructed wetlands, and
aerobic/anaerobic processes [13]. Among these, adsorption [14–18] has become a prominent technique for
water purification, especially in resource-constrained environments, owing to its operational simplicity, eco-
nomic feasibility, and demonstrated high removal efficiencies for various contaminants [19,20]. The efficacy
of adsorption hinges significantly on the physicochemical properties of the chosen adsorbent. Numerous
materials have been investigated, including activated carbon [21], zeolites [22], carbon nanotubes [23], and
cellulose-based materials [24]. Among these, Cellulose-based adsorbents, in particular, have gained signifi-
cant attention due to their high surface area, hydroxyl groups containing, biodegradability, and modifiability,
which allow for enhanced selectivity and adsorption capacity in wastewater treatment applications [25,26].
Optimizing an adsorption process requires not only selecting of an effective adsorbent but also ensuring a
consistent and sustainable supply of the material. In response to the escalating environmental burden of dye
pollution, research has intensified towards developing cost-effective and environmentally benign adsorbents
derived from abundant agricultural waste streams, such as fruit tree pruning residue [27,28], sawdust [29],
and cactus [30]. These readily available and inexpensive materials have exhibited promising adsorption
performance in laboratory-scale studies for the remediation of colored effluents. In this context, the
present study explores the development of sustainable adsorbents by investigating the activation of Opuntia
ficus-indica (OFI) cladode powder. Various treatment methods, including acid activation as previously
demonstrated by Djobbi et al. [31], were applied to enhance the adsorption performance of the material
while simultaneously facilitating the extraction of plant-derived cellulose. The obtained results highlight the
potential-added value of the use of OFI, an abundant agricultural byproduct. Due to its biodegradability,
low extraction cost, and environmentally friendly properties, OFI-based adsorbents represent a promising
alternative for sustainable water treatment, with potential applications across environmental remediation
and biotechnological fields [32–34].

This study aims to generate and optimize a plant cellulose extracted from Opuntia ficus-indica cladode
powder (TCP) as a sustainable and efficient adsorbent for the removal of the cationic dye Neutral Red
(NR) from aqueous solutions. While NR has been extensively studied using various adsorbents, its removal
using cellulose-based materials remains largely unexplored, making this work a novel contribution to the
field of dye adsorption. To achieve this, work TCP was synthesized through a simple chemical treatment
process. Comprehensive physicochemical characterization of the material was conducted before and after
treatment using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning
electron microscopy (SEM) to assess structural and morphological modifications. A systematic study was
conducted to evaluate the adsorption performance of TCP by investigating the influence of several key
operational parameters, namely pH solution, adsorbent dosage, initial dye concentration, contact time, and
temperature. Furthermore, adsorption kinetics, isotherm models, and thermodynamic parameters were
analysed to elucidate the underlying adsorption mechanisms governing NR uptake.

2 Materials and Methods

2.1 Materials
Prickly pear cladodes, serving as the primary raw material, were sourced from Kasserine from the

northeastern region of Tunisia. Chemical reagents utilized in the preparation and modification processes
included: sodium hydroxide (NaOH, 99% purity) for alkaline treatment; sodium hypochlorite (NaOCl) and
sodium hydroxide (NaOH) for bleaching; and hydrochloric acid (HCl, 37%) for acidic hydrolysis. The target
adsorbate, Neutral Red dye (C.I. 50,040), was also employed. All chemicals were procured from reputable
suppliers, System ChemAR and Sigma-Aldrich, and used as received without further purification.
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2.2 Adsorbent
2.2.1 Sample Preparation

Prickly pear cladodes were harvested in June from northeastern Tunisia. To ensure the removal of
any residual impurities, the cladodes were thoroughly washed with distilled water before being cut into
5 cm pieces. Subsequent low temperatures drying for 48 h prevented degradation and facilitated grinding
to yielding the raw cladode powder (RCP) suitable for further processing. To obtain the bio-adsorbent, the
raw material underwent three sequential processing steps following the protocol established by Mohamed
et al. [35] with slight modifications (Fig. 1).

Figure 1: A simplified process flow diagram illustrating the isolation of TCP from OFI cladodes

2.2.2 Delignification
To remove lignin, a complex polymer that hinders cellulose extraction, the raw cladode powder

underwent alkaline treatment with 15% sodium hydroxide solution at 80○C for 2 h. To remove any residual
chemicals and ensure neutrality, the mixture was filtered, and the residue was thoroughly washed with
distilled water until the washings exhibited a neutral pH.

2.2.3 Bleaching
Following delignification, the residue was treated with 2.5% sodium hypochlorite solution and heated at

80○C for 1 h to further remove residual lignin and other impurities. Subsequent filtration and washing with
distilled water ensured the removal of any remaining chemicals, preparing the sample for the next stage.

2.2.4 Acid Hydrolysis
The bleached residue was treated with 1M hydrochloric acid solution for 20 h. This step primarily serves

to dissolve whewellite, a (calcium oxalate crystal) commonly found in prickly pear cactus, which is soluble in
acidic conditions. Following acid treatment, the mixture was filtered and washed to remove the HCl excess.
The adsorbent, cellulose extract from Opuntia ficus-indica, was then dried, ground, and stored in a sealed
container for further use with the name treated cladode powder (TCP).

2.3 Adsorbate
Neutral Red (C.I. 50,040), dye powder obtained from Sigma-Aldrich, was dissolved in deionized water

to prepare a 1 g/L stock aqueous solution. To achieve the required concentrations for experiments, the



1392 J Renew Mater. 2025;13(7)

stock solution was diluted appropriately using deionized water. Fig. 2 illustrates the dissociation equilibrium
between the cationic and neutral forms of Neutral Red in aqueous solution.

NH

NH3C

H2N N(CH3)2
+ ,Cl-

+ H2O

N

NH3C

H2N N(CH3)2

+ H3O+ + Cl-

Cationic form Neutral form

Figure 2: Dissociation equilibrium between the cationic and neutral forms of neutral red in aqueous solution

2.4 Adsorbent Characterization
The crystalline characteristics of RCP and TCP were analyzed from X-ray patterns captured using X-ray

Diffractometer PANalytical X’Pert Pro powder with Cu Kα radiation at 450 kV and 40 mA. XRD data were
collected with a continuous scan mode over a 2θ range of 5–80○ with a 0.028○ step size and a 40-s step time.
The crystallinity index (C.I.) was calculated based on the method described by Segal et al. [36] using the
reflected intensity data, as shown in Eq. (1):

C.I. = I002 − Iam

I002
∗ 100, (1)

where:

• I002 is the peak intensity corresponding to the crystalline domain (2θ = 22.6○).
• Iam is the peak intensity corresponding to the amorphous domain (2θ = 19.0○).

Fourier Transform Infrared spectroscopy (FTIR) was employed to characterize the functional groups
present in RCP and TCP samples. FTIR spectra were acquired using a Bruker Tensor 27 spectrometer
(Billerica, MA, USA) in the range of 4000–400 cm−1 with a spectral resolution of 4.0 cm−1.

Scanning electron microscopy (SEM) micrographs of RCP and TCP were obtained using a Hitachi S-
3400N SEM (UTT) operating at 30 kV under vacuum conditions. Prior to analysis, samples were mounted
on metal stubs and sputter-coated with gold for 2 min using a Bio-Rad coater to enhance conductivity.

The specific surface area of the materials was analyzed using the Brunauer–Emmett–Teller (BET)
method, employing nitrogen (N2) adsorption at 77 K. These measurements were conducted with a
Micromeritics ASAP 2020 sorptometer (USA).

Using laser Doppler electrophoresis (Malvern NanoZetasizer ZS) at 25○C, the zeta potential of 0.1%
(w/v) aqueous sample of TCP was measured. Triplicate measurements were taken, and the average zeta
potential is presented.

2.5 Batch Adsorption Studies
For the adsorption studies, 50 mL aliquots of the dye solution were placed in 150 mL Erlenmeyer

flasks for batch experiments. To study the effect of adsorbent dose, the mass of TCP was varied while
keeping the initial NR concentration constant at 100 mg/L and adjusting the pH as needed. The influence of
initial dye concentration was determined by varying the initial NR concentration from 20 to 300 mg/L and
maintaining a fixed TCP mass. Kinetic studies were carried out over a contact time range of 0 to 240 min.
Thermodynamic studies were performed at temperatures ranging from 25 to 80○C. At specified durations,
the mixture was centrifuged, then, the residual dye (NR) excess was quantified using a spectrophotometric
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method. All experiments were carried out in duplicate to enhance the reliability and reproducibility of the
experimental data.

A calibration curve was constructed by measuring the absorbance of known NR concentrations at
λmax (540 nm) with a Shimadzu UV-Vis spectrophotometer. The equilibrium dye uptake, qeq (mg⋅g−1) was
calculated using Eq. (2):

Q = C0 − Ce

m
* V , (2)

in which C0 and Ce are the initial concentration and equilibrium concentration of the NR (mg⋅L−1),
respectively, V is the volume of the dye solution (L) and m is the mass of TCP.

The removal efficiency adsorption of NR dye was determined using the Eq. (3) below:

%Adsor ption = 100 ∗ (C0 − Ce)
C0

, (3)

in which C0 (mg⋅L−1) is the initial concentration of solutions and Ce (mg⋅L−1) is the final concentration after
the corresponding reaction time.

2.6 Recyclability of Adsorbent and Desorption Studies
The reusability of the TCP adsorbent was evaluated through five consecutive cycles of dye

(NR, 100 mg⋅L−1) adsorption and desorption under optimized conditions. Following the procedure of Batool
et al. [37], the adsorbent sample was filtered and cleaned with a 0.1 M HCl eluent for desorption after reaching
adsorption equilibrium. After acid treatment, the adsorbent was thoroughly washed with deionized water
(DI) to eliminate any residual acid before being directly reused in subsequent adsorption experiments. The
residual dye concentration was determined after each adsorption step and the desorption efficiency was
calculated using the Eq. (4):

Desor ption e f f iciency % = 100 ∗ Cad

C0 − Ce
, (4)

in which Cad (mg⋅L−1) represents the dye concentration at time t during desorption, C0 (mg⋅L−1) is the initial
dye concentration and Ce (mg⋅L−1) is the equilibrium dye concentration during adsorption.

3 Results and Discussion

3.1 Adsorbent Characterization
XRD analysis was performed on RCP and TCP before and after treatment to determine their crystalline

structure. The results shown in Fig. 3 revealed the presence of cellulose Iβ in both samples, characterized
by prominent peaks at 2θ = 16–18○ and 2θ = 22–23○, corresponding to the diffraction planes (110) and
(200) respectively. Additionally, a small and broad peak was detected at 2θ = 34.5○, representing the (004)
plane. The XRD pattern obtained for the raw material RCP (Fig. 2a) is in good agreement with the pattern
reported for Opuntia ficus-indica by Contreras-Padilla et al. [38]. The XRD pattern of RCP exhibited peaks
characteristic of calcium oxalate monohydrate (whewellite) [39], which were absent in the TCP pattern.
Notably, TCP pattern (Fig. 2b) displayed sharper and more intense diffraction peaks, particularly the (002)
plane, indicating increased cellulose crystallinity [40]. A calculated crystallinity index of approximately 72%
further supports this observation. This enhancement is attributed to the removal of amorphous impurities
and whewellite, during chemical treatment [41].
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Figure 3: XRD curves of (a) RCP and (b) TCP

The FTIR spectra of both RCP and TCP samples, illustrated in Fig. 4, reveal strong similarities,
suggesting comparable chemical compositions, enabling the identification of their characteristic functional
groups. A broad absorption band at 3000–3500 cm−1, attributed to -OH stretching vibrations, suggests
hydrogen bonding within the cellulose matrix [42]. Additionally, the characteristic -CH stretching vibration
of cellulose, appearing around 2935 cm−1, was present in both spectra. Further structural insights were gained
through the identification of absorption bands associated with cellulose. An absorption band observed at
1724 cm−1 is characteristic of the C =O bending vibration, whereas the band appearing in the 1610–1620 cm−1

range is attributed to the stretching vibrations of the carboxyl (COOH) group [43,44]. The 1000–1100 cm−1

band corresponds to both symmetric and asymmetric deformations of C-O bonds [45]. Moreover, the
absorption band appearing at 883 cm−1 is characteristic of the glycosidic C-H rocking vibration and O-H
bending, which are indicative of β-glycosidic linkages between anhydroglucose units [46]. These absorption
bands are hallmarks of native Cellulose I, confirming that the chemical structure of cellulose remained
intact throughout the treatment process. However, key differences between RCP and TCP spectra highlight
the effects of the applied treatments. The absorption bands at 1251 cm−1, associated with acetyl groups
in the xylan component and acyl oxygen (C = O) in hemicelluloses, was detected in RCP but absent in
TCP. Similarly, the absorption band at 1422 cm−1, associated with lignin, was also missing from the TCP
spectrum [47]. This indicates the effective removal of hemicellulose and lignin during alkaline delignification
and acid hydrolysis [48]. Another notable distinction was the presence of an absorption bands at 1325 cm−1

in the RCP spectrum, attributed to the characteristic carboxylate stretching vibrations of calcium oxalate
crystals, a common inorganic component in cactus plants [49]. The absence of this absorption band in TCP
suggests that the treatment significantly reduced calcium oxalate content, a finding further corroborated by
XRD analysis.

Scanning electron microscopy (SEM) was employed to comprehensively examine the surface morphol-
ogy of both raw and treated materials. High-magnification microscopic observations (Fig. 5a,b) unveiled that
raw biomass fibers possess a rough, uneven surface distinguished by prominent undulations [50]. Scattered
throughout this topography, clusters of promin crystalline structures, identified as calcium oxalate, were
evident. These crystals exhibited a distinctive parallelepiped shape, resembling miniature, three-dimensional
boxes. Following the treatment process (Fig. 5c,d), a substantial transformation in the fiber morphology
became apparent. The previously rugged surface appeared smoother, with a significant reduction in the
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pronounced undulations. Raw cactus underwent defibrillation, resulting in the removal of non-cellulosic
components and the isolation of individual microfibers [51]. Simultaneously, a noticeable decrease in the
density and visibility of the calcium oxalate crystals was observed, suggesting that the acid treatment had
effectively dissolved it.

Figure 4: FTIR of (a) RCP and (b) TCP

(a) (b)

(c) (d)

Figure 5: SEM of RCP (a,b) and TCP (c,d)

The BET method was employed to measure the specific surface area of RCP and TCP adsorbents.
The RCP displayed a notably low specific surface area, mirroring observations reported by Tejada-Tovar
et al. [52] for the Opuntia ficus indica biosorbent. The inherent non-porous structure, and the presence of
aggregated minerals such as calcium carbonate (CaCO3) and calcium oxalate monohydrate (CaC2O4⋅H2O)
on its surface, as evidenced by SEM (Fig. 5), are likely the cause of this restricted surface area. Following
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treatment to produce TCP, a significant increase in specific surface area was observed, rising from 1.6 m2/g
for RCP to 12.4 m2/g for TCP. Concurrently, the pore volume experienced a substantial augmentation.
The increased surface area is a result of the treatment’s effective removal of impurities, such as whewellite
and carbonates, which also induces a structural change in the cellulosic fibers. These findings validate the
successful synthesis of TCP, which exhibits a considerably enhanced specific surface area compared to the
untreated RCP.

3.2 Effect of pH
As shown in Fig. 6a, the TCP exhibits a negative zeta potential across all pH values, a characteristic

of cellulose due to its abundant hydroxyl groups that maintains the surface electrokinetics of cellulose
anionic on all the pH range [53–55]. This negative charge promotes the adsorption of positively charged
dye molecules through electrostatic interactions [56,57]. Due to its persistent negative surface charge across
different pH values, TCP exhibits a strong affinity for cationic dyes such as neutral red. This electrostatic
interaction, along with ionic adsorption, governed the uptake of neutral red on TCP across all tested pH
levels, consistently yielding an adsorption capacity greater than 84% (Fig. 6b). As the solution pH decreases
towards acidic medium, the concentration of H+ increases and the dissociation equilibrium of NR in water
(Fig. 2) evolves in the direction of increasing the cationic form, which leads to a higher adsorption of the
cationic dye (NR) onto the TCP reaching a removel of 93%.

(a) (b)

Figure 6: Zeta-Potential vs. pH for the TCP (a) The effect of solution pH on the adsorption of NR onto TCP was
investigated, using an initial dye concentration of 100 mg/L, a TCP mass of 150 mg, and a contact time of 2 h (b)

3.3 Effect of Adsorbent Dose
Fig. 7 illustrates a positive correlation between TCP dosage and NR removal, increasing from 8.71%

to 90.3% with dosages up to 150 mg. Beyond a certain point, further increases in TCP dosage resulted
in diminishing returns in terms of adsorption capacity, suggesting that the adsorption sites had likely
become saturated on the adsorbent surface. This phenomenon suggests that increasing the adsorbent
dosage enhances treatment efficiency, enabling the purification of larger effluent volumes while maintaining
a constant TCP concentration [58]. The TCP dosage resulting in the highest adsorption capacity was
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determined to be 3 g/L, and this value was subsequently used for all further experiments. TCP showed
superior cationic dye adsorption compared to Tuntun et al. [59] which examined nanocrystallite cellulose,
with higher efficiency and faster equilibrium. This is likely due to TCP’s more accessible adsorption sites and
stronger affinity for NR molecules, stemming from its structural and chemical properties.

Figure 7: The effect of adsorbent mass (TCP) on the adsorption of NR was investigated, using an initial dye
concentration of 100 mg/L, own original pH, and a contact time of 2 h

3.4 Effect of Initial Dye Concentration
The initial dye concentration exerts a strong influence on adsorption, primarily due to competition

for available adsorption sites [60]. Fig. 8 depicts the adsorption behavior as a function of initial dye
concentration, which was varied from 20 to 300 mg/L. An increase in initial NR concentration led to
higher removal efficiency, peaking at 100 mg/L, beyond which efficiency decreased. The enhanced removal
at lower concentrations is attributed to the greater concentration gradient, which drives dye molecule
diffusion towards the TCP surface, overcoming mass transfer limitations and fostering stronger dye-TCP
interactions [61]. The optimal initial NR concentration for the given TCP amount was found to be 100 mg/L,
resulting in the highest NR removal efficiency of 90.1%.

3.5 Effect of Contact Time
The kinetics of NR adsorption were evaluated by monitoring the removal of NR from the solution over

time (Fig. 9). A rapid initial uptake indicated rapid occupation of surface sites. Equilibrium was achieved
within approximately 120 min, suggesting a gradual diffusion of NR into the TCP structure. Following the
initial rapid phase, adsorption slowed, likely due to site saturation and repulsive interactions among adsorbed
dye molecules. A slight increase in removal was observed up to 135 min, but the negligible change (0.21%)
suggests that equilibrium was effectively reached at 120 min. This minimal increase may be attributed to
dye aggregation, hindering diffusion into deeper, higher-energy sites within the adsorbent. As micropores
become filled, diffusion of aggregated molecules is restricted, minimizing any further adsorption [62]. These
findings led us to conclude that 120 min is the optimal contact time for this study.
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Figure 8: The effect of initial NR concentration on adsorption was investigated within a range of 20–300 mg/L, using
a fixed TCP mass of 150 mg, own original pH, and a contact time of 2 h
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Figure 9: The effect of contact time on the adsorption of NR onto TCP was investigated, using an initial dye
concentration of 100 mg/L, a TCP mass of 150 mg, own original pH, and varying contact times

3.6 Thermodynamic Study
The effect of temperature on NR adsorption onto TCP was investigated within a range of 25 to 80○C.

Maximum NR removal (99.89%) was observed at 25○C. As temperature increased, NR removal gradually
decreased, reaching 94.71% at 80○C (Fig. 10). This trend suggests that the adsorption of NR onto TCP is
an exothermic process, likely driven by the formation of weak bonds between the dye and the adsorbent
surface [63]. Elevated temperatures may weaken these interactions, resulting in reduced adsorption [64].

Thermodynamic parameters, including Gibbs free energy (ΔG○), enthalpy (ΔH○) and entropy (ΔS○)
associated with adsorption, can be determined using the following Eqs. (5)–(7):

Kc = qe

Ce
, (5)
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ΔG○ = ΔH○ − TΔS○, (6)
ΔG○ = −RT ⋅ LnKc, (7)

LnK = ΔS
R
− ΔH

R
* 1

T
, (8)

where Kc is the equilibrium constant, Ce is the equilibrium concentration in solution (mg/L) and qe is the
amount of NR adsorbed on the adsorbent per liter of solution at equilibrium (mg/L). ΔG○, ΔH○ and ΔS○ are
changes in Gibbs free energy (kJ/mol), enthalpy (kJ/mol) and entropy (J/mol/K), respectively. R is the gas
constant (8.314 J⋅mol−1⋅K−1), T is the absolute temperature (K).
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Figure 10: The effect of temperature on NR removal by TCP was investigated using an initial dye concentration of
100 mg/L, a TCP mass of 150 mg, own original pH, and a contact time of 2 h

The plot of Ln Kc vs. 1/T (Fig. 11) was used to calculate ΔH○ from the slope and ΔS○ from the
intercept, according to the Van’t Hoff equation (Eq. (8)). ΔG○ values were subsequently calculated using the
relationship ΔG○ = ΔH○ − TΔS○.

As shown in Fig. 11, the decreasing of NR adsorption with increasing temperature (298–353 K) strongly
suggests that the adsorption process releases heat and is therefore exothermic. Table 1 presents a summary of
the calculated thermodynamic parameters. The negative ΔG○ values is a strong indicator of a spontaneous
and thermodynamically favorable adsorption process [65]. The negative ΔH○ values strongly indicate that the
adsorption process is exothermic [66]. This finding is consistent with the theoretically predicted exothermic
adsorption of AC3N4 nanosheets, as demonstrated by DFT calculations in Khajavian et al. [67]. The negative
entropy change (ΔS) observed during dye adsorption reflects the immobilization of dye molecules on the
biomass surface [68]. This transition from a state of high mobility in solution to a more restricted state
at the interface leads to a decrease in system randomness and contributes to the overall thermodynamic
driving force for the adsorption process [69]. The ∣ΔH∣ value of 24.89 kJ⋅mol−1 is significantly lower than
the 40 kJ⋅mol−1 threshold, further supporting the physisorption nature of the adsorption process. This
suggests that NR adsorption onto TCP occurs primarily through weak intermolecular interactions rather
than chemical bonding. The adsorption mechanism involves multiple forces, with electrostatic interactions
playing a key role by attracting the cationic dye to negatively charged sites, such as carboxyl (-COOH)
groups, on the TCP surface [70]. Additionally, hydrogen bonding between cellulose hydroxyl (-OH) groups
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and the dye’s amino (-NH2) and oxygen (O) groups enhances adsorption, while van der Waals forces
further contribute to dye retention [61]. These combined interactions facilitate the overall adsorption process,
reinforcing its physical rather than chemical nature. Our findings are further supported by the work of
Hegazy et al. [71], who investigated the interaction between cellulose derived from sawdust and Methylene
Blue using Density Functional Theory (DFT). Their study highlights similar adsorption mechanisms,
emphasizing the role of electrostatic interactions and hydrogen bonding in the adsorption of cationic dyes
onto cellulose-based materials.
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Figure 11: The Van’t Hoff plot for the adsorption of NR onto TCP

Table 1: Thermodynamic parameters of NR adsorption at different temperatures by TCP

Temperature (K) ΔH○ (kJ mol−1) ΔS○ (J mol−1 K−1) ΔG○ (kJ mol−1)
298

−24.885 −56.79

−7.973
313 −7.121
323 −6.553
333 −5.982
343 −5.417
353 −4.849

3.7 Adsorption Equilibrium Study
The adsorption isotherm capacity is paramount in assessing the maximum adsorption capacity of

the system, which is critical for evaluating system performance. It provides a concise overview of the
system’s behavior, revealing the adsorbent’s efficiency and enabling an economic assessment of its commercial
applications for the specific solute [72]. To accurately model the observed experimental data for the
considered system, the Langmuir, Freundlich, and Temkin isotherm equations were evaluated.

3.7.1 The Langmuir Isotherm
The Langmuir model for dye-biomass systems assumes monolayer adsorption on a homogeneous

surface with no dye-dye interactions and constant adsorption energy. This simplified model provides a
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theoretical basis for understanding dye removal by biomass, though real systems may exhibit more complex
behavior [73].

The non-linear Langmuir isotherm equation can be rearranged into a linear form (Eq. (9)):

qe =
qm ∗ KL ∗ Ce

1 + KL
, (9)

where qe represents the amount of adsorbate adsorbed per mass unit of adsorbent at equilibrium (mg/g), Ce
is the equilibrium concentration of the adsorbate in solution (mg/L), qm and KL are the Langmuir constants,
representing the maximum adsorption capacity for the solid phase loading and the energy constant related
to the heat of adsorption, respectively.

Eq. (9) is transformable into the linear form of Eq. (10):

1
Qe
= 1

KL∗Qm

* 1
Ce
+ 1

Qm
. (10)

3.7.2 The Freundlich Isotherm
The Freundlich isotherm, an empirical model, is widely utilized to describe adsorption phenomena on

surfaces exhibiting heterogeneity in terms of adsorption energies [74], which vary across different sites. It
assumes that adsorption energy decreases as more adsorbate molecules occupy the surface. Mathematically,
it’s represented as (Eq. (11)):

qe = Kf * C
1
n
e . (11)

Ce is the equilibrium concentration, Kf is the Freundlich constant, and n is the heterogeneity factor.
While the Freundlich isotherm is an empirical model often employed to describe adsorption on surfaces
exhibiting a wide range of adsorption site energies, it may not accurately represent the adsorption behavior
in all systems.

Eq. (11) can be linearized to yield Eq. (12):

ln Qe = ln K f +
1
n
⋅ ln Ce . (12)

3.7.3 The Temkin Isotherm
The Temkin isotherm model accounts for the heterogeneous nature of the adsorption process. It assumes

a linear decline in the heat of adsorption as surface coverage increases, reflecting the varying binding
energies of adsorption sites across the adsorbent surface. Unlike the Freundlich isotherm, which assumes
a logarithmic decrease in adsorption heat, the Temkin isotherm posits a linear decline. It is commonly
expressed as (Eq. (13)) [75]:

qe B ⋅ In(ACe), (13)

where A and B are Temkin isotherm constants.
The adsorption of NR dye onto TCP was best represented by the Langmuir isotherm model, achieving

a maximum adsorption capacity (Qm) of 357.14 mg/g (Table 2), as evidenced by the highest R2 value among
tested models (Langmuir, Freundlich, and Temkin), which are graphically represented in Fig. 12. Notably, this
Qm value is superior to other adsorbents (Table 3), highlighting TCP’s potential for efficient NR removal. This
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enhanced performance is likely due to its high surface area, porous structure, and abundant hydroxyl and
carboxyl functional groups, facilitating dye interaction through hydrogen bonding and electrostatic forces.
Despite requiring a 2 h equilibrium time, TCP’s high adsorption capacity makes it a promising, eco-friendly
option for wastewater treatment.

Table 2: The value of parameters for each isotherm models of NR onto TCP

Isotherm models Parameters

Langmuir
qm (mg⋅g−1) 357.14

KL 0.0053
R2 0.988

Freundlich
Kf (L⋅g−1) 1.8155

n 0.9727
R2 0.977

Temkin
A 2.7182
B 52.107
R2 0.943
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Figure 12: Adsorption isotherm of (a) Langmuir, (b) Freundlich and (c) Temkin of NR onto TCP (T = 25○C, own
original pH, 150 mg adsorbent dosage and a contact time of 2 h)

Table 3: A comparison of adsorption capacities of TCP for NR with other previously reported NR dye under optimal
experimental condition

Adsorbent Dosage
sorbent

Time Adsorption
capacity (mg⋅g−1)

Temperature
(○C)

References

Halloysite nanotubes 0.1 g 30 min 54.85 25 [76]
Activated carbon + chitosan 0.1 g 2 h 22.13 25 [77]

silica coated soya wast 0.12 g 30 min 192.3 25 [37]
Bentonite/carbon composites 0.4 g 60 min 119–145 25 [78]

cellulose 0.15 g 2 h 357.14 25 Our study
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3.8 Adsorption Kinetics
Kinetic models are employed to elucidate the underlying mechanisms of adsorption processes, includ-

ing mass transfer and chemical reactions. The pseudo-first-order kinetic model, originally proposed by
Lagergren et al. [79], is frequently used to describe adsorption phenomena in solid-liquid systems.

The pseudo-first-order kinetic model is expressed as (Eq. (14)):

dqt

qt
= Kad(qe − qt), (14)

after integration by applying the initial conditions qt = 0 at t = 0 parameters, including pH solution, adsorbent
dosage, initial and qt = qt at t = t, Eq. (15) becomes:

log( qe

qe − qt
) = Kad

2.303
t. (15)

Eq. (15) can be transformed into a linear equation:

log(qe − qt) = log qe −
Kad

2.303
t, (16)

where qt is the adsorption capacity at time t (mg/g) and Kad (min−1) is the pseudo-first-order rate constant,
was applied to the present study of NR dye adsorption.

Linear plots of log(qe − qt) vs. time (Fig. 13) were used to determine the rate constant (kad) and
calculate the correlation coefficients, these values are presented in Table 4. However, the pseudo-first-order
model exhibited poor fit to the experimental data, as evidenced by low correlation coefficients. Moreover, a
significant disparity was observed between the experimentally determined (qe) and the values predicted by
the model. These findings indicate that the pseudo-first-order model may have limitations in describing the
adsorption kinetics of NR dye onto the adsorbent.
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Figure 13: Pseudo-first-order kinetic fit for adsorption of NR onto TCP at 25○C
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Table 4: Evaluation of kinetic parameters for adsorption processes of NR by TCP

Kinetic model Parameter

Pseudo-first-order
kad (min−1) 0.01
qe (mg/g) 4.174

R2 0.715

Pseudo-second-order
k (g⋅mg−1⋅min−1) 0.045

qe (mg/g) 28.969
R2 0.999

To further analyze the kinetic data, the pseudo-second-order model developed by Ho et al. [80]
was employed.

This model can be expressed as (Eq. (17)):

dqt

dt
= k(qe − qt)2. (17)

Eq. (17) can be transformed into a linear equation:

t
qt
= 1

kq2
e
+ 1

qe
t, (18)

where k is the pseudo-second-order rate constant.
To assess the applicability of the pseudo-second-order kinetic model, a plot of t/qt vs. t (Fig. 14)

was constructed. A linear relationship in this plot is indicative of pseudo-second-order kinetics. The
slope and intercept of this linear plot can be used to determine the key kinetic parameters: qe (the
equilibrium adsorption capacity), k (the rate constant), and h (the initial adsorption rate), which are
summarized in Table 4. In our study, we obtained an excellent linear fit with a strong correlation coefficient
(R2 = 0.999). Furthermore, the qe values estimated by the pseudo-second-order model showed excellent
agreement with the experimentally determined values. These results strongly suggest that NR adsorption
onto TCP follows a pseudo-second-order kinetic model. Villabona-Ortíz et al. [81] reported comparable
results for the adsorption of anionic dyes onto modified cellulose derived from wheat residues.

4 Regeneration Efficiency and Reuse Potential
Although TCP is a renewable adsorbent, its effectiveness extends beyond single-use applications, as

it can be regenerated and reused for repeated pollutant adsorption [25]. The desorption of NR dye from
the TCP surface was simple and fast, requiring only a rinse with 0.1 M HCl at room temperature followed
by deionized water, achieving maximum release within 4–5 min per cycle, as depicted in Fig. 15a. Notably,
TCP demonstrated excellent reusability, retaining over 70% adsorption efficiency after five cycles under
optimal conditions (150 mg/45 mL adsorbent, pH ~3.0, T ~298 K, and a contact time of 2 h), confirming
its excellent reusability as an adsorbent (Fig. 15b). Furthermore, TCP’s large particle size allowed for easy
recovery via rapid filtration, eliminating the need for drying and enabling immediate reuse. Throughout the
regeneration process, TCP maintained good dispersion and rapid dye adsorption, demonstrating its potential
for sustainable and cost-effective wastewater treatment.
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Figure 15: (a) Desorption efficiency of NR dye as a function of the time and (b) NR removal rate (%R) after repeated
adsorption-desorption cycles

5 Conclusion
In this study we successfully isolated and characterized Treated Cladode Powder (TCP) from OFI pads.

XRD analysis unequivocally confirmed the presence of the crystalline Iβ cellulose polymorph within the
isolated TCP, a significant achievement following the effective acid treatment of the OFI cladode powder.
FTIR and SEM provided compelling evidence for the successful removal of non-cellulosic impurities,
resulting in a relatively pure cellulose fraction. Subsequently, the isolated TCP was evaluated as an adsorbent
for the removal of NR dye from aqueous solutions. Through a comprehensive investigation of adsorption
parameters, this study revealed that removal rates of over 90% could be achieved at a pH of 3, an adsorbent
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dosage of 3 g/L, and an initial dye concentration of 100 mg/L, with equilibrium achieved within 2 h.
Experimental adsorption data were effectively described by the Langmuir isotherm model (R2 = 0.98),
strongly suggesting a monolayer adsorption mechanism for NR dye onto the TCP surface. Kinetic analysis
demonstrated that the pseudo-second-order model offered a superior fit compared to the pseudo-first-order
model. Thermodynamic studies revealed that the adsorption of NR dye onto TCP is a spontaneous and
exothermic process, suggesting that the dye-TCP interactions are energetically favorable. The negative values
of ΔG○ and ΔH○ (ΔH = −24.886 kJ/mol) further support the predominant involvement of physisorption
interactions, primarily driven by van der Waals forces and hydrogen bonding between the dye molecules
and the hydroxyl groups on the TCP surface. A maximum adsorption capacity (Qm) of 357.1 mg/g for NR
dye was achieved, demonstrating a significant adsorption capacity relative to other materials. Moreover, the
regenerated cellulose exhibited a retention of over 70% efficiency after five adsorption-desorption cycles,
highlighting its potential as an excellent reusable adsorbent. In this research work we successfully demon-
strated the feasibility of producing a high-quality cellulose adsorbent from OFI. The prepared adsorbent
exhibited exceptional performance in removing the textile dye, red neutral, from aqueous solutions. These
findings underline the potential of cellulose-based materials derived from agricultural waste as sustainable
and cost-effective adsorbents for water treatment.
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