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Abstract: Water contamination by synthetic dyes poses a serious environmental threat, driving the need for affordable
and efficient adsorbents. This study developed two novel biocomposites by grafting commercial chitosan (c-CTS-
ECH/KC) and locally biosynthesized chitosan (b-CTS-ECH/KC) onto natural kaolinite clay from Algeria using
epichlorohydrin as a crosslinking. Characterization via FTIR, BET, and EDX confirmed successful chitosan grafting
and demonstrated an increase in surface area compared to raw kaolinite. Adsorption performance for methyl orange
(MO) dye was optimized using response surface methodology, achieving maximum removal efficiencies of 82.6%
and 80.2% for c-CTS-ECH/KC and b-CTS-ECH/KC, respectively. Kinetic studies revealed chemisorption as the rate-
limiting step, while equilibrium data fitted the Langmuir model for ¢c-CTS-ECH/KC (qmax: 216.92 mg/g) and the
Freundlich model for b-CTS-ECH/KC (qmax:204.082mg/g), indicating surface heterogeneity. Thermodynamic
analysis showed the adsorption was spontaneous, endothermic, and entropy-driven. Computational DFT and NBO
analyses supported the experimental findings, revealing enhanced surface reactivity upon chitosan modification and
strong electrostatic interactions between chitosan's electron-rich amino groups and MO's sulfonate oxygens, alongside
hydrogen bonding and n—r stacking. Overall, these chitosan-modified kaolinite biocomposites demonstrate significant
promise as sustainable, cost-effective adsorbents for treating dye-contaminated wastewater.

Keywords: Chitosan; Crosslinking; Kaolinite clay; Methyl orange dye; Adsorption; Box-Behnken Design; Density
Functional Theory.

1. Introduction

Water pollution caused by synthetic dyes remains a major environmental and public health concern, with textile, paper,
and leather industries discharging large volumes of dye-laden effluent into aquatic systems each year. Methyl orange
(MO), an anionic dye widely used, is particularly problematic because of its high water solubility, resistance to
biodegradation, and demonstrated toxicity toward aquatic organisms, making its removal from wastewater before
discharge essential for protecting both ecosystems and human health [1,2].

Adsorption onto natural clay minerals such as kaolinite (KC) has long been recognized as a low-cost, accessible route
for anionic dye removal [3], but unmodified clays generally offer limited surface charge and a narrow range of reactive
functional groups, capping their adsorption capacity. Chitosan (CTS), a biopolymer rich in amino and hydroxyl
groups, complements this limitation by providing abundant sites for electrostatic interaction and hydrogen bonding
with anionic dyes, but its poor mechanical stability and solubility in acidic media restrict standalone use. Crosslinking
chitosan with epichlorohydrin (ECH) and immobilizing it on a clay support has proven effective at overcoming both
limitations simultaneously, and several recent studies have validated this strategy: CTS-ECH/KC and related clay
biocomposites have been optimized through response surface methodology for the removal of reactive, azo, and basic
dyes, achieving high removal efficiencies while improving reusability and structural stability [4-7].

Despite this progress, nearly all reported chitosan-clay composites rely on commercially sourced chitosan, leaving the
comparative performance of locally or regionally produced chitosan largely unexamined, even though low-cost
extraction of chitosan from regional biomass is well established and increasingly promoted as a sustainable alternative
to imported biopolymer [8]. This gap is particularly relevant in regions such as Algeria, where valorization of locally
available clay and biological raw materials for water treatment applications is gaining renewed attention [9].
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With the rapid advancement of computational resources, quantum-chemical methods have become increasingly
prevalent in the study of dye adsorption [10,11]. In particular, density functional theory (DFT) has proven highly
effective for elucidating adsorption mechanisms and characterizing the electronic behavior of dyes in relation to
adsorbent surfaces [12,13]. The reactivity descriptors derived from DFT now serve as robust tools for probing organic
reactivity and intermolecular interactions [14].

The present study addresses this gap by synthesizing two epichlorohydrin-crosslinked chitosan/kaolinite
biocomposites, one from commercial chitosan (c-CTS-ECH/KC) and one from chitosan synthesized locally at
National Institute of Agronomic Research of Algeria INRAA Touggourt (b-CTS-ECH/KC), using kaolinite sourced
from Tamanrasset, Algeria. The aim is to determine whether the locally produced chitosan performs comparably to
its commercial counterpart for methyl orange removal, while applying Response Surface Methodology based on a
Box-Behnken Design (RSM-BBD) to optimize adsorbent dose, pH, contact time, temperature, and chitosan loading,
and to elucidate the governing kinetics, isotherms, thermodynamics, and adsorption mechanism. The materials and
procedures used to synthesize, characterize, and evaluate these biocomposites are detailed in the following section.
DFT calculations are applied to study to correlate experimental findings with theoretical reactivity descriptors and
optimize multi-dye removal efficiency.

2. Experimental

2.1 Chemicals

Raw kaolinite clay (kaol) was sourced from Tamanrasset in southeastern Algeria. Methylene orange dye
(C14H14N3NaOsS, MW: 327.33g/mol, Amax =465 nm) is obtained from Sigma-Aldrich. Commercial Chitosan (c-CTS,
deacetylation >75 %; medium MW) (c-CTS) was procured from Sigma-Aldrich. Synthesis (b-CTS, deacetylation >77
%; medium MW) (b-CTS) is obtained from INRAA Touggourt. Analytical grade reagents including hydrogen
peroxide (H:0:), Epichlorohydrin (C3HsCLO), sodium acetate (CHsCOONa), acetic acid (CHsCOOH), sodium
hexametaphosphate ((NaPOs) ), hydrochloric acid (HCI), and sodium hydroxide (NaOH) were supplied by Merck.

2.2 Treatment the Raw Clay

The raw clay was purified to eliminate crystalline phases and organic matter following a previously reported procedure
[15-17]. Briefly, 10 g of clay was gradually introduced into 150 ml of acetate buffer solution (pH 4.8; sodium
acetate/acetic acid) under continuous stirring. To remove organic impurities, 50 mL of H>O2 6% (v/v) was added to
the suspension. The resulting mixture was transferred to a graduated cylinder and allowed to settle for approximately
8 h, after which the fraction collected at a depth of 10 cm yielded particles smaller than 2 um. The purified clay was
then recovered by vacuum filtration, thoroughly washed with distilled water serval time, and dried in an oven at 105°C
for 24 h. The dried material was subsequently ground and sieved to a particle size.

2.3 Preparation the c-CTS-ECH/KC and b-CTS-ECH/KC biocomposites

The biocomposites were synthesized following the same procedure. Briefly, 1 g of chitosan flakes was dissolved in
50 mL of 5% (v/v) acetic acid solution and stirred continuously at room temperature until a homogeneous gel was
obtained. Subsequently, 1 g of KC was incorporated into the gel and the mixture was maintained under vigorous
stirring for 24 h at room temperature. The resulting suspension was extruded dropwise through a 10 mL syringe needle
into 1000 mL of 0.5 M sodium hydroxide solution, leading to the instantaneous formation of CTS-KC beads. The
obtained beads were repeatedly washed with distilled water to eliminate residual NaOH. Cross-linking was then
performed by immersing the beads in 100 mL of 1% ECH solution under mild stirring in a water bath at 40°C for 2 h.
The resulting c-CTS-ECH/KC and b-CTS-ECH/KC beads were subsequently washed several times with distilled
water and air-dried at room temperature. It is worth noting that the clay-to-chitosan mass ratio was carefully controlled
during biocomposites preparation. The biocomposites with a 50% clay content were prepared using a 1:1
(clay:chitosan) ratio, whereas those with a 25% clay content were prepared using a 1:3 (clay:chitosan) ratio.

2.4 Characterization

The crystalline structure of the samples was characterized by X-ray diffraction (XRD) analysis (Hitachi, TM3030Plus,
Tabletop Microscope). Fourier transform infrared (FTIR) spectroscopy (Cary 600 Series, Agilent Technologies) was
employed to identify the surface functional groups. The specific surface area, pore volume, and pore size distribution
were determined from N: adsorption/desorption isotherms measured at 77 K using a Micromeritics ASAP 2020
analyzer, based on the Brunauer-Emmett—Teller (BET) method. The morphology and elemental composition of the
samples were examined by scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-
EDX) using a Hitachi TM3030Plus tabletop microscope (Hitachi, Tokyo, Japan). Dye concentrations in solution were
determined by measuring absorbance at the characteristic wavelength using a UV—Visible spectrophotometer (UV—
Vis). The point of zero charge (pHpc ) of c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25 biocomposites were determined
according to the method described elsewhere [18,19].

2.5 Experimental Design
In this study, Response Surface Methodology based on Box-Behnken Design (RSM-BBD) was applied to optimize
the combined effects of five independent variables on MO dye removal efficiency by ¢c-CTS-ECH/KC and b-CTS-
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ECH/KC biocomposites. The investigated parameters were: adsorbent mass (A), solution pH (B), contact time (C),
temperature (D), and chitosan loading in kaolin (E). The experimental ranges and coded levels of each independent
variable, established on the basis of preliminary experiments, are summarized in Tablel.

To correlate the response variable with the independent parameters and predict MO dye removal efficiency, a second-
order polynomial model was fitted to the experimental data according to the following equation:

Y=Bo + XBiXi + XX +XYBiXiX;, +e, (1)

where: Y is an objective to optimize the response, x; and x; represent the response of MO dye removal, k indicates the
number of variables, i1 and j denote the index numbers for variables, [ is the constant coefficient, f5; is the linear
coefficient, B is the quadratic coefficient, fi; is the interaction coefficient, and € represents a random error.

Based on the BBD design, a total of 46 experimental runs were generated, comprising three levels, five factors, and
six center points, to optimize and evaluate the influence of the following independent variables on MO dye removal
(%): adsorbent mass (A: 0.02-0.2 g), solution pH (B: 4-14), contact time (C: 15—75 min), temperature (D: 30—-60°C),
and chitosan loading in kaolin (E: 0-50%). The complete BBD experimental matrix along with the corresponding MO
dye removal responses are presented in Table 1.

For each experimental run, a predetermined amount of adsorbent was introduced into 100 mL Erlenmeyer flasks
containing 100 mL of MO dye solution of known initial concentration. The flasks were placed in a thermostatic water
bath and agitated at a constant shaking speed of 100 rpm for the designated contact time. At the end of each experiment,
the residual MO dye concentration in solution was determined by UV—Vis spectrophotometry at the maximum
absorption wavelength (Amax =460 nm). The MO dye removal efficiency (R%) was subsequently calculated according
to equation:

R% = (CO0 — Ce)/C0x100, (2)

Where: Cy and C. represent the initial and equilibrium dye concentrations (mg/L), respectively

Table 1. Coded and actual variables with their levels in BBD

code | variable Level 1 | Level 2 (0) | Level 3 (-1)
(+1)

A Adsorbent dose (g) | 0.02 0.11 0.2

B pH 4 7 14

C Time (min) 15 45 75

D Temperature (C°) | 30 45 60

E Loiding (%) 0 25 50

2.6 Batch Adsorption Studies

The adsorption of MO dye onto the c-CTS-ECH/KC and b-CTS-ECH/KC biocomposites surfaces was investigated
under batch mode conditions. The optimal adsorption parameters were derived from run 29 in Table 2, which
corresponded to the highest MO dye removal efficiency (%) at the following conditions: adsorbent mass of 0.11 g,
solution pH of 4, temperature of 45°C, and chitosan loading of 25%. Based on these optimized conditions, a series of
batch adsorption experiments were conducted by varying the initial dye concentration (50—400 mg/L) and contact
time (0—180 min) to evaluate the adsorption kinetics and equilibrium behavior of the biocomposites.

The equilibrium adsorption capacity q. (mg/g), representing the amount of MO dye adsorbed per unit mass of
adsorbent at equilibrium, was calculated according to equation:

Qe :(Co'Ce) V/W, (3)

Where: C, and C. are the initial and equilibrium dye concentrations (mg/L), respectively; V is the volume of the dye
solution (L); and W is the mass of the adsorbent (g).

Table 2. The 5-varibles BBD matrix and experimental data for MO dye removal by ¢-CTS-ECH/KC-25 and
b-CTS-ECH/KC-25

Run | A: B: | C:itime | D: E: c-CTS and | Removal (%) | Removal (%)
Absorbent pH | (min) | Temperature | b-CTS by c-CTS- by b-CTS-
dose (g) (C°) loading (%) ECH/KC ECH/KC

1 0.2 7 75 45 25 69.34 67.26

2 0.11 7 45 60 50 61.42 59.58

3 0.02 10 | 45 45 25 0 0

4 0.11 4 45 60 25 74.54 72.3

5 0.11 7 45 45 25 35.75 34.68

6 0.11 7 75 30 25 60.72 58.91

7 0.11 7 45 45 25 34.98 33.93

8 0.11 7 45 45 25 35.6 34.53

9 0.11 7 45 60 0 54.55 54.07
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10 | 0.11 4 |45 45 50 45.2 43.24
11 0.11 4 |45 45 0 66.86 65.86
12 10.02 7 45 60 25 42.65 41.37
13 0.2 7 45 30 25 63.26 61.36
14 | 0.11 7 15 45 50 16 15.52
15 [0.02 4 |45 45 25 74.03 71.81
16 | 0.11 10 | 45 60 25 62.43 60.56
17 |0.11 7 45 45 25 35.23 34.17
18 0.2 7 45 45 50 64.49 62.56
19 |0.11 7 15 60 25 53.8 52.19
20 | 0.11 4 15 45 25 0.45 0

21 0.11 10 | 45 45 0 4.2 4.06
22 10.02 7 15 45 25 40.35 39.14
23 0.11 7 75 60 25 70.03 67.93
24 0.2 7 45 60 25 82.2 79.73
25 | 0.11 7 45 45 25 35.67 34.6
26 | 0.11 7 75 45 0 26.8 25.98
27 10.11 7 75 45 50 63.89 61.75
28 0.2 7 45 45 0 17.95 17.45
29 [0.11 4 75 45 25 82.6 80.2
30 0.2 10 | 45 45 25 35.54 34.41
31 0.11 10 | 45 30 25 13.45 13.05
32 ] 0.11 7 15 30 25 17.4 16.84
33 0.02 7 45 45 0 4.95 4.84
34 ]0.11 10 | 15 45 25 0 0

35 10.11 7 45 30 50 32.9 31.84
36 | 0.11 4 145 30 25 54.55 52.75
37 10.11 10 | 45 45 50 59.69 57.84
38 |0.02 7 75 45 25 28.05 27.21
39 ]0.11 7 45 30 0 49.05 48.54
40 | 0.02 7 45 30 25 22.35 21.68
41 0.11 7 15 45 0 10.75 10.42
42 | 0.11 7 45 45 25 35.67 34.65
43 0.11 10 | 75 45 25 23.5 22.81
44 10.02 7 45 45 50 45.2 43.81
45 0.2 7 15 45 25 56.5 54.86
46 0.2 4 |45 45 25 77.54 75.45

2.7 Theoretical Research DFT

The geometry of the kaolinite, chitosan monomere and MO dye were optimized using DFT, specifically at the
B3LYP/6-31G(d,p), as implemented in the Gaussian 09 software [20]. From the optimized electronic configurations,
a comprehensive set of global reactivity descriptors was computed, including Enomo, Erumo, Egsp, the electronic
chemical potential (p), chemical hardness (1)), softness (S), and the electrophilicity index (®) [11]. The chemical
descriptors for biocomposites were computed using the following working expressions:

Gap energy: Egap = ELumo - Enomo, (4)

Electronic chemical potential: p = (ELumo + Exomo)/2, (5)

Chemical hardness: N = (ELumo — Enomo)/2, (6)

Softness: S =1/, (7)

Electrophilicity: o = u?/2n, (8)

3. Results And Discussion

3.1 Characterization

3.1.1 XRD Analysis

The XRD pattern of Kaol sample is illustrated in fig.1. It presented diffraction peaks at 26 = 12.31, 20.04, 24.918,
35.179, 38.546, 45.505, 54.092 and 62.159°. This result indicates the dominance of Kaolinite Al,Si,0s(OH)4 in the
sample [21,22]. A strong reflection at 20 = 12.311° corresponding to d-spacing of 7.184A, characteristic of kaolinite
group minerals. The presence of kaolinite is further confirmed by characteristic reflections at 7.184 A (001), 4.426 A
(020), and 1.492 A (060) [23].
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Table 3. Calculated unit cell parameters of the mineral clay

Unit cell parameter a b c B
Experimental value 5.2 A° 8.85 A° 7.18 A° 100 °
Value of the reference (file | 5.154A | 8.942 7.391A | p=105.046°
n°9009234)

We see that the calculated values of unit cell parameters in table 3 are closers to the reference ones (COD 9009234),
which confirm the success of our preparation protocol. In the other hand, and from the fig.1. Which present the XRD
patterns of both chitosan-modified samples b-CTS-ECH/KC-25 and c-CTS-ECH/KC-25 show systematic changes
compared to KC sample: both chitosan biocomposites exhibit significant reduction in peak intensities across all major
reflections, indicating partial loss of crystalline ordering due to polymer intercalation [24]. Preservation of
characteristic kaolinite reflections confirms that chitosan intercalation does not destroy the fundamental
aluminosilicate structure. Absence of distinct chitosan crystalline reflections suggests the polymer exists in an
amorphous or semi-crystalline state within the clay interlayers [25].
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Fig .1. XRD patterns of KC and the doped clay with ¢c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25.

3.1.2 SEM & EDX Analysis

In fig. 2. (a) we present the SEM results of KC sample which reveal the characteristic morphology of natural clay
minerals. The sample exhibits well-defined plate-like structures with smooth surfaces and sharp edges, typical of
kaolinite's triclinic crystal system [22]. Individual kaolinite sheets appear more agglomerated compared to the b-CTS-
ECH/KC-25 and ¢-CTS-ECH/KC-25, suggesting chitosan acts as a binding agent between particles. This is attributed
to the crosslinked chitosan network formation through epichlorohydrin bridges [26]. The grain size distribution in
fig.2. (a) shows that the grains have a size between 40 nm to 160nm and a middle size of 0.1um (100nm).

In fig.2. (a) we illustrate the SEM results of ¢-CTS-ECH/KC-25 sample which confirm the sheet-like morphology
remains more recognizable compared to b-CTS-ECH/KC-25 sample and indicating more controlled modification
without excessive structural disruption.

The grain size distribution shows that the maximum of the size is under 1um in case of the c-CTS-ECH/KC-25 sample
and reach 160 nm in case of the b-CTS-ECH/KC-25 sample and the middle grains size is 60nm for both b-CTS-
ECH/KC-25 and c-CTS-ECH/KC-25 samples.

The EDX analysis results presented in the same fig confirm the presence of the expected elements: C, O, Al, Si, K,
and Fe, consistent with its mineralogical composition of kaolinite (Al-Si2Os(OH)4) [27]. Upon modification with
chitosan crosslinked, several significant changes in elemental composition were observed. The relative mass
percentages of Al and Si increased in both biocomposites samples (Al: from 5.61% to 11.14% and 8.22%; Si: from
5.41% to 12.98% and 9.22% for c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25, respectively), while the Fe content
decreased markedly (from 17.53% to 9.60% and 12.76%). This redistribution reflects the deposition of the organic
chitosan layer onto the kaolinite surface, partially covering iron-bearing impurity phases while exposing the
underlying aluminosilicate structure more clearness.
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Fig.2. SEM, EDX and grain size distribution results of (a)KC, (b) b-CTS-ECH/KC-25 and, (c¢) c-CTS-

3.1.3 FTIR Analysis

The FTIR spectrum in fig .3. of the KC substrate exhibits characteristic absorption bands consistent with typical
aluminosilicate minerals. The broad absorption band centered at approximately 3698 and 3623 cm™! is attributed to
the O-H stretching vibrations [28]. The intense absorption peaks observed in the 998.9 cm™ correspond to the
asymmetric Si-O stretching vibrations of the tetrahedral silica sheets. Additional bands at 909 cm™ are characteristic
of Al-OH bending vibrations, the low-frequency region 529 cm™! displays bands associated with Si-O-Si and Si-O-Al

ECH/KC-25.

bending modes. 782.7 cm—1 for Si—O-Si inter tetrahedral bridging bonds [29-31].

FTIR spectroscopy confirmed successful chitosan integration into clay matrices for synthesis and commercial
biocomposites samples. The appearance of characteristic chitosan bands at 3350-3450 cm™ (N-H stretching) [31],
2850-2950 cm™ (C-H stretching) [32], and 1590-1600 cm™ (N-H bending) in all biocomposites spectra demonstrates
effective polymer integration [33,34]. confirming that both chitosan sources provide equivalent functional group

density for dye adsorption applications.

Transmittance (%)

T T T
2500 2000 1500
Wavenumber (cm-1)

— KC
—— b-CTS-ECH/KC-25
c-CTS-ECH/KC-25

Fig .3. FTIR spectrum of KC, ¢-CTS-ECH/KC-25 and b-CTS-ECH/KC-25.

3.1.4 BET Surface Area and Pore Volume Analysis

Table 4. values of BET surface area and pore size

.. BET Surface Area Total Pore Volume Mean Pore Diameter
Description N 3
(m’/g) (cm’/g) (nm)
KC 44.06 0.164 14.74
B%CTS_ECH/KC_ 19.07 0.041 6.95
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c-CTS-ECH/KC-

25 19.46

0.056 8.34

The textural properties of KC, ¢c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25 were investigated by nitrogen (N2)
adsorption-desorption measurements at 77 K, and the results are summarized in Table 3. The N2 adsorption-desorption
isotherms of all synthesized materials are presented in Fig .4. The N2 physisorption isotherm of Kaol was Type 11
isotherm according to IUPAC classification, characteristic of non-porous or macroporous materials with unrestricted
monolayer-multilayer adsorption. All chitosan-modified samples demonstrate Type IV isotherms with distinct H3-
type hysteresis loops, characteristic of mesoporous materials according to [UPAC classification. [35] Transition from
Type II (pristine clay) to Type IV (modified biocomposites) confirms mesopore development through chitosan
intercalation and surface modification. The consistent H3-type hysteresis across all modified samples indicates the
slit-shaped pore geometry typical of layered materials. Pore network effects due to chitosan bridging between clay
layers and ink-bottle pore formation where chitosan partially blocks pore entrances [36].

The BET surface area analysis revealed significant textural modifications upon chitosan incorporation into the
kaolinite clay matrix. The KC exhibited a BET surface area of 44.06 m?/g, with a total pore volume of 0.164 cm?/g
and a mean pore diameter of 14.74 nm. which serves as the baseline for comparison. Upon chitosan modification,
substantial reductions in surface arca were observed across all biocomposites samples.

At 25% chitosan loading, both b-CTS-ECH/KC-25 (=19.07 m?/g) and c-CTS-ECH/KC-25 (=19.46 m?/g)
demonstrated approximately 57% reduction in BET surface area compared to KC. The total pore volume also
decreased significantly from 0.164 to 0.041 and 0.056 cm?®g for b-CTS-ECH/KC-25 and c-CTS-ECH/KC-25
respectively, this similarity in values suggests that both chitosan types exhibit comparable surface coverage, the partial
blocking and loading of kaolinite's pores and surface sites by chitosan chains. confirms the loading-filling mechanism
of chitosan within the clay matrix. and intercalation behavior within the kaolinite interlayer structure at equivalent
loading concentrations [37].
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Fig.4. N2 adsorption/desorption isotherms of (a) KC, (b) c-CTS-ECH/KC-25 and (c) b-CTS-ECH/KC-25.

3.2 BBD Model Analysis

The individual and synergistic effects of critical operational parameters including c-CTS-ECH/KC-25 and b-CTS-
ECH/KC-25 dosage (A), solution pH (B), contact time (C), temperature (D), and initial CS loading (E), on methylene
orange (MO) removal efficiency were systematically investigated using BBD-RSM. The statistical significance and
adequacy of the developed model were evaluated through ANOVA of MO removal data. the result of both
biocomposites in table 2.

By the BBD model the F-value of ¢-CTS-ECH/KC-25 and b-CTS-ECH/KC-25 was 5.08 and 5.00, respectively and
the p-value of <0.0001 for the both corposants. this result is indicated that BBD model was statistically significant for
removal MO by both corposant [38] .the coefficient determination R? was approximately the same value 0.80 for c-
CTS-ECH/KC-25 and 0.7999 for b-CTS-ECH/KC-25 indicates a good correlation between the observed and predicted
values of MO dye removal.

The significance of the BBD model was determined by its p-value. Factors with p-values less than 0.05 are considered
significant. The ANOVA reveals that the term for the both biocomposites A, B, C, D, E, BC, BE and D? were
significant for the removal of MO dye.

Table 5. Analysis of variance (ANOVA) of c-CTS-ECH/KC-25 for the removal dye MO

Source Sum of Mean
df F-value | p-value
Squares Square
Model < L
20572.58 20 1028.63 | 5.08 0.0001 significant
A-m 2736.34 1 2736.34 | 13.51 0.0011
B-pH <
4794.18 1 4794.18 | 23.68 0.0001
C-time 3297.06 1 3297.06 | 16.28 0.0005
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D-T 2207.59 1 2207.59 | 10.90 0.0029
E-loading 1476.10 1 1476.10 | 7.29 0.0123
AB 256.48 1 256.48 1.27 0.2711
AC 158.00 1 158.00 0.7803 0.3855
AD 0.4624 1 0.4624 0.0023 0.9623
AE 9.89 1 9.89 0.0488 0.8269
BC 859.96 1 859.96 4.25 0.0499
BD 210.11 1 210.11 1.04 0.3181
BE 1488.03 1 1488.03 | 7.35 0.0120
CD 183.47 1 183.47 0.9060 0.3503
CE 253.45 1 253.45 1.25 0.2739
DE 132.48 1 132.48 0.6542 0.4262
A? 380.21 1 380.21 1.88 0.1828
B2 52.33 1 52.33 0.2584 0.6157
C? 37.92 1 37.92 0.1873 0.6689
D? 1753.68 1 1753.68 | 8.66 0.0069
E? 27.48 1 27.48 0.1357 0.7157
Residual 5062.33 25 |202.49

Cor Total 25634.91 45

Table 6. Analysis of variance (ANOVA) of b-CTS-ECH/KC-25 for the removal dye MO

Source Sum of df | Mean Square | F-value | p-value
Squares
Model 19400.02 20 | 970.00 5.00 0.0001 significant
A-m 2581.15 1 | 2581.15 13.30 0.0012
B-ph 4518.53 1 | 4518.53 23.28 <0.0001
C-time | 3110.29 1 [3110.29 16.02 0.0005
D-T 2087.58 1 | 2087.58 10.75 0.0031
E- 1131261 1| 1312561 6.76 | 0.0154
loading
AB 236.70 1 |236.70 1.22 0.2800
AC 147.99 1 | 147.99 0.7624 | 0.3909
AD 0.4356 1 |0.4356 0.0022 | 0.9626
AE 9.42 1 1942 0.0486 | 0.8274
BC 823.40 1 | 82340 4.24 0.0500
BD 195.44 1 | 19544 1.01 0.3253
BE 1459.24 1 1459.24 7.52 0.0111
CD 173.32 1 [173.32 0.8929 | 0.3537
CE 235.16 1 | 235.16 1.21 0.2815
DE 123.32 1 | 12332 0.6353 | 0.4329
A? 355.47 1 | 35547 1.83 0.1881
B? 47.46 1 | 4746 0.2445 | 0.6253
c? 38.90 1 |3890 0.2004 | 0.6583
D? 1677.01 1 | 1677.01 8.64 0.0070
E? 21.87 1 |21.87 0.1127 | 0.7399
Residual | 4852.81 25 | 194.11
Cor
Total 24252.83 45

Model terms with P-values < 0.05 were excluded from the second-order polynomial equation to optimize model fit.
The relationship between the examined parameters and the response (MO dye removal) was then established using
the calculated equation (12) and equation (13) for c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25 respectively:

MO removal =+35.48 +13.08A -17.31B +14.36C +11.75D +9.61E +8.01 AB+6.29AC -0.34 AD +1.57 AE -14.66BC
+7.25 BD +19.29BE -6.77 CD +7.96 CE +5.76 DE +6.60 A? +2.45B%-2.08 C?> +14.18 D? -1.77 E%, (9)

MO removal = +34.43 +12.70A -16.81B +13.94C +11.42D +9.06E +7.69AB +6.08 AC -0.33AD +1.54AE -14.35BC
+6.99BD +19.10BE -6.58CD +7.67CE +5.55DE +6.38A% +2.33B% -2.11C?+13.86D? -1.58E?, (10)

Model validity was further confirmed through graphical analysis. The normal probability plot of residuals fig.5. shows
that data points are closely aligned along a straight line, indicating a normal distribution of residuals and confirming
the efficiency of model assumptions [39]. Additionally, the predicted and actual plot reveals a strong agreement
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between predicted and experimental MO dye removal values (%), further demonstrating the statistical reliability of
the model [40].
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Fig.5. (a) Normal probability plot of residuals for c-CTS-ECH/KC-25 to MO dye removal and(b) for b-CTS-
ECH/KC-25, (c) plot of the relationship between the predicted and actual values for c-CTS-ECH/KC-25 of
MO dye removal (%) and (d) for b-CTS-ECH/KC-25

The interaction effects between pairs of independent variables on MO dye removal were evaluated, including the
interaction between solution pH (B) and time (C) was statistically significant for the both corposant ¢-CTS-ECH/KC-
25 and b-CTS-ECH/KC-25 (p-value = 0.0499) (p-value = 0.0500) on the removal of the MO dye. The other factors
were constants at (adsorbent dose 0.11g, temperature 45 C° and CS loading 25%). 3D response surface is shewing in
fig.6. indicating the interaction between solution pH and contact time for the both biocomposites. The pHy,. are in
fig.7. were 7.1 and 7 for the c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25 respectively. The model identifies a
pronounced region of maximum efficiency (>80%) under acidic conditions (pH =2-6), a finding directly attributable
to the biocomposites pHp,c, which fosters a protonated, positively charged surface conducive to electrostatic attraction
with the anionic dye.

(@)
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£ loading (%)

C: time (min)

Fig.6. The 3D surface plot displays (a) interaction between the pH and ¢-CTS-ECH/KC-25 loading, (b) shows
interaction between the contact time and the pH for ¢c-CTS-ECH/KC-25, (¢) interaction between pH and b-
CTS-ECH/KC-25 loading, (d) shows interaction between the contact time and the pH for b-CTS-ECH/KC-25.
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Fig.7. Determination of pHpz. for c-CTS-ECH/KC-25 and b-CTS-ECH/KC-25 composite.

At pH values below this point, the surface was protonated. The amino groups (-NHz) from chitosan are protonated to
ammonium groups (-NHs"). Simultaneously, the kaolinite structure contributes significantly: the aluminol groups (Al-
OH) at the edges of the kaolinite sheets are preferentially protonated to A1-OH2" under acidic conditions [41]. The
adsorption mechanism is thus a synergistic, electrostatic attraction between these collectively generated positive sites
on the biocomposites and the sulfonate group (-SOs") of the anionic MO dye. This can be represented by:

Protonation of the biocomposites Surface:

Chitosan Component: Chitosan-NH: + H* — Chitosan-NHs", (11)
Kaolinite Component: =A1-OH + H* — =AI-OH:" (Major contributor), (12)
=Si-OH + H" — =Si-OH:" (Minor contributor), (13)

Electrostatic Adsorption of Methyl Orange:

[biocomposites-NHs* / biocomposites-Al-OH:"] + “03S-MO — biocomposites*:--"03S-MO, (14)
The interaction between solution pH (B) and loading (E) was statistically significant for the both corposant ¢-CTS-
ECH/KC-25 and b-CTS-ECH/KC-25 (p-value = 0.0120) (p-value = 0.011) on the removal of the MO dye. at constants
factors (adsorbent dose 0.11g, temperature 45 C° and time 45 min).
The response surface analysis for the interaction between solution pH and chitosan loading reveals a critical synergy
conducting the adsorption efficiency of the MO dye. A pronounced region of maximum adsorption is observed under
acidic conditions (pH ~4-6.5) and at intermediate chitosan loadings (~25—40%), that confirm the essential role of
electrostatic attraction between the protonated adsorbent surface and the anionic dye. This performance optimum is
attributed to the balanced contribution of functional groups, where chitosan’s ammonium (-NHs*) groups and
kaolinite’s protonated aluminol (AI-OH:") edges act cooperatively. Beyond ~40% chitosan loading, a marked
decrease in adsorption capacity occurs, consistent with BET analysis that confirmed severe surface area reduction and
pore blockage at high chitosan content. This decline indicates that excessive chitosan forms a non-porous polymer
layer, smothering the clay’s active sites and hindering dye diffusion. Thus, the optimal adsorption arises from a
compromise—sufficient chitosan to impart active sites, without compromising the structural properties of the kaolinite
scaffold.

3.3 Adsorption Kinetics

The kinetic adsorption behavior of methylene orange (MO) dye was investigated as a function of initial dye
concentration and contact time for b-CTS-ECH/KC-25 and ¢-CTS-ECH/KC-25 adsorbents, as illustrated in fig.8.
These experiments were performed under controlled conditions with fixed parameters: adsorbent dosage of 0.1 g,
solution pH of 4 and temperature of 45°C.
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Fig.8. effect of contact time (a) c-CTS-ECH/KC-25, (b) b-CTS-ECH/KC-25 adsorption at different initial

concentrations of MO.
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The adsorption capacity of c-CTS-ECH/KC-25 biocomposites exhibited a significant increase from 29.8 mg/g to 356.6
mg/g when the initial MO dye concentration was elevated from 50 mg/L to 400 mg/L. This enhanced adsorption
performance can be attributed to the establishment of a steeper concentration gradient, which intensifies the mass
transfer driving force facilitating the migration of MO molecules to the available active sites within the c-CTS-
ECH/KC-25 biocomposites matrix [41].

To characterize the adsorption kinetics of MO dye on b-CTS-ECH/KC-25 and c-CTS-ECH/KC-25 biocomposites,
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models were applied. The non-linear mathematical
formulations of PFO [42] and PSO [43] Eqgs. 15 and 16, respectively, as follows:

qi = (1-exp 41, (15)

Gt = qekat/(1+qekat), (16)

where: q; (mg/g) is the amount of MB dye adsorbed at time t (min), k; (1/min) is the rate constant of PFO, k»
(g/mg.min) is the rate constant of PSO.

Table 7. PFO and PSO kinetic parameters MO adsorption on ¢c-CTS-ECH/KC-25 composite

c-CTS-ECH/KC-25 5(1;(3) rg':lir;rlneters for MO z‘i(g rlp;':lir;rlneters for MO
Co (ppm) | qe(exp) qi(cal) | Ky R? Qe (cal) | ko R?

50 29.824 28.685 0.029 | 0.992 | 31.857 | 0.003 | 0.984
100 81.912 85.661 0.094 | 0.990 | 85.690 0.002 | 0.994
200 178.000 156.765 | 0.078 | 0.989 | 183.824 | 0.001 | 0.998
300 267.412 160.650 | 0.068 | 0.995 | 272.480 | 0.001 | 0.999
400 357.559 203.772 | 0.063 | 0.960 | 362.319 | 0.001 | 0.999

Table 8. PFO and PSO kinetic parameters MO adsorption on b-CTS-ECH/KC-25 composite

b-CTS-ECH/KC-25 PFO pa}rameters for MO | PSO parameters for MO
adsorption adsorption

Co (ppm) | qe(exp) ge (cal) | Ky R? ge (cal) | ko R?

50 30.97 30.766 | 0.0393 | 0.981 | 36.590 | 0.001 | 0.958
100 81.74 63.685 | 0.072 | 0.977 | 83.822 | 0.015 | 0.998
200 178.44 101.576 | 0.047 | 0.967 | 182.481 | 0.034 | 0.999
300 270.47 154.869 | 0.066 | 0.959 | 273.973 | 0.072 | 0.999
400 365.68 218.908 | 0.082 | 0.921 | 370.370 | 0.106 | 0.999

The kinetic parameters and correlation coefficients (R?) for both PSO and PFO models are summarized in Table 7 and
8. The adsorption kinetics of MO dye onto b-CTS-ECH/KC-25 and ¢c-CTS-ECH/KC-25 surfaces were best described
by the PSO model, as evidenced by higher R? values and closer agreement between calculated equilibrium adsorption
capacity e (cal) and experimental values q. (exp) compared to the PFO model. Therefore, the adsorption mechanism
of MO dye onto b-CTS-ECH/KC-25 and ¢-CTS-ECH/KC-25 biocomposites follows pseudo-second-order kinetic.
Adsorption on chitosan-modified surfaces occurs through electrostatic attraction to protonated amino groups (NHs*")
at pH < 6.5 [27,44].

3.4 Adsorption Isotherm

Adsorption isotherms constitute essential tools for explanation the nature of adsorbate-adsorbent interactions at
equilibrium conditions. To evaluate the binding affinity and adsorption capacity of c-CTS-ECH/KC-25 and b-CTS-
ECH/KC-25 composite for MO dye removal, three classical isotherm models were applied in their non-linear forms:
Langmuir [45], Freundlich [46], and Temkin [47] models, mathematically represented by Eqs (17-19):

Ce/qe = qmaxKaCo/ (1+ KaCa), (17)

qe = K(C.'"™, (18)

ge= (RT/by) In(K1Ce), (19)

Where: q. (mg/g) is the amount of MO dye adsorbed per unit of the adsorbent, C. (mg/L) is the concentration of MO
dye at the adsorption equilibrium, qmax (mg/g) is the maximum amount adsorbed, and K, (L/mg) is the Langmuir
isotherm constant. K¢(mg/g) (L/mg)'™ and n are the Freundlich isotherm constants. K1 (L/mg) is the Temkin isotherm
constant, and bt (J/mol) is the heat of adsorption; T (K) is the temperature in Kelvin, and R (8.314J/mol K) is the gas
constant.
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Table 9. Parameters of the Langmuir, Freundlich and Temkin isotherm models for MO adsorption on CSC-

ECH/Kaol-25 and CSS-ECH/Kaol-25 composite at 45 °C

Isotherm model | results c-CTS-ECH/KC- | b-CTS-ECH/KC-
25 25
Langmuir q max (Mg/g) 216.92 204.082
Ki (L/mg) 0.044 0.021
R? 0.956 0.806
Freundlish Kr(mg/g) (L/mg) | 42.473 2.288
I/n 3.384 1.156
n 0.847 0.979
R2
Temkin Kt (L/mg) 0.742 0.088
b¢ (J/mol) 67.023 35.473
R? 0.8612 0.923

Comparative analysis for describing the adsorption equilibrium of MO dye onto the b-CTS-ECH/KC-25 composite
surface from results in (table 9). of the correlation coefficients (R?) indicated that the Freundlich isotherm model
provided the best fit, indicating the multilayer adsorption of the dye onto the heterogeneous surface, while the c-CTS-
ECH/KC-25 follows Langmuir isotherm, indicating the monolayer adsorption of dye This indicates that MO dye
molecules establish a monolayer covering on the uniform surface of the adsorbent [48].

The gmax of the c-CTS-ECH/KC-25, b-CTS-ECH/KC-25 for MO dye was 216.92 and 204.082 mg/g at 45 °C. For c-
CTS-ECH/KC-25 higher deacetylation degree provides more amino groups, leading to stronger electrostatic
interactions and higher capacity. The lower adsorption capacity compared to commercial is due to the more variable
deacetylation degree results in reduced amino group availability and heterogeneous adsorption behavior [49,50].

The qmax of b-CTS-ECH/KC-25 and c-CTS-ECH/KC-25 biocomposites were compared with others adsorbents for
dyes removal, as presented in Table 10. The comparative analysis demonstrates that b-CTS-ECH/KC-25 and c-CTS-
ECH/KC-25 biocomposites exhibit competitive adsorption performance, indicating their potential as effective
materials for the removal of organic dye contamination in aqueous environments.

Table 10. Comparative of adsorption capacity of MO by various adsorbent

Adsorbents Jmax(mg/g) | reference
chitosan-zeolites 500 [51]
Chitosan—iron(III) crosslinked 361.9 [52]
CHS-ECH/ZL composite 156.1 [53]
Chitosan/Analcime Clay 129.87 [16]
chitosan/Al,O3/magnetic iron oxide 417 [54]
Chitosan- epichlorohydrin/TiO2 | 210 [55]
nanocomposite

goethite impregnated with chitosan beads 84 [56]
chitosan/organic rectorite-Fe304 24.69 [57]
c-CTS-ECH/KC-25 216.92 This study
b-CTS-ECH/KC-25 204.082 This study

3.5 Thermodynamic Study

The thermodynamic parameters were calculated to investigate the adsorption process of MO onto the c-CTS-ECH/KC
and b-CTS-ECH/KC surface in terms of feasibility and spontaneity, as well as to determine the degree of randomness
at the solid/liquid interface. The adsorption thermodynamic parameters, namely the Gibbs free energy change (AG®),
entropy change (AS°), and enthalpy change (AH®), were obtained using the following Egs. (20 - 22) [58].

AG° = -RTInK4, (20)

ks =q/Ce, (21)

Inkg = AS°/R — AH®/RT, (22)

Thermodynamic parameters (AH® and AS®) obtained from the InKq4 against (1/T), where the slope indicates AH® and
the intercept signifies AS® in Fig.9.
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Fig.9. Van't Hoff plot for MO adsorption onto (a) b-CTS-ECH/KC-25 and (b) c-CTS-ECH/KC-25.

The thermodynamic parameters for MO dye adsorption onto b-CTS-ECH/KC-25 and c-CTS-ECH/KC-25 are
summarized in Table 11 and 12. The negative values of AG® confirm that the adsorption process is thermodynamically
spontaneous and becomes more favorable with increasing temperature. The positive AH° demonstrates the
endothermic nature of the adsorption process, indicating that higher temperatures promote MO dye uptake onto the
composite surface [42]. Moreover, the positive AS® reflects an increase in randomness and disorder at the solid—liquid
interface during the adsorption process [53].

Table 11. Thermodynamic parameters for the adsorption of MO dye on c-CTS-ECH/KC-25

Temp (°C) | Temp | AG Ka AH AS
(K) (kj.mol-1) (Kj/mol) | ( Kj/mol
k)
30 303 -1.455 1.543
45 318 -3.144 4.440 | 32.666 0.113
60 333 -4.833 4.893

Table 12. Thermodynamic parameters for the adsorption of MO dye on b-CTS-ECH/KC-25

Temp Temp | AG kq AH AS

(°O) (K) (kj.mol-1) (Kj/mol) | ( Kj/mol
k)

30 303 -1.173 1.356

45 318 -2.914 4.223 | 33.994 0.116

60 333 -4.655 4.502

3.6 Adsorption Mechanism of MO on CTS-ECH/KC

The adsorption mechanism of MO dye onto the CTS-ECH/KC surface was proposed based on the effect of solution
pH, and the point of zero charge (pHyp.c). As shown in Fig. 10, several simultaneous interactions govern the uptake of
MO onto the composite. At pH below the pHy,. of CTS-ECH/KC, the protonated amine groups (—NHs") of chitosan
interact electrostatically with the anionic sulfonate group (—-SOs") of MO, while the negatively charged Si—O~ basal
face of kaolinite attracts the cationic —N*(CH3), end of the dye [59]. Hydrogen bonding constitutes a secondary
interaction mechanism, involving the —OH and —NH, groups of chitosan, and the Si—-OH/Al-OH edge sites of
kaolinite, all acting as hydrogen bond donors toward the azo (—N=N-) and sulfonate groups of MO, along with
Yoshida hydrogen bonding between surface hydroxyl (-OH) groups and the MO aromatic ring [60,16]. Furthermore,
n—7 stacking interactions between the aromatic glucosamine rings of chitosan and the benzene rings of MO contribute
to the overall adsorption [13].
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Fig. 10. Illustration of the possible interactions between CTS-ECH/KC composite surface and methyl orange
(MO) dye, including electrostatic attractions, hydrogen bonding interactions, and n—m interactions.

3.7 Theoretical Study

3.8.1 HOMO and LUMO Calculation

Density Functional Theory (DFT) calculations were performed using the Gaussian 09 software. The electronic
structure of three isolated systems was investigated: the kaolinite clay composition (Al,Si;O9Hs4, 17 atoms), the
chitosan monomer (D-glucosamine, C¢Hi3NOs, 25 atoms), and methyl orange dye (CisHsN3OsS, 34 atoms). All
calculations employed the Becke three-parameter Lee—Yang—Parr hybrid exchange-correlation functional (B3LYP)
with the 6-31G(d,p) basis set for organic molecules (chitosan and methyl orange) and 6-31G(d) for the kaolinite
mineral, consistent with established protocols for clay mineral DFT modelling.

Table 13. Calculated electronic properties of kaolinite, chitosan monomer, and methyl orange at B3LYP/6-

31G(d,p) level

property Kaolinite Chitosan Methyl Orange
Enomo (eV) -7.396 -6.409 -5.475

Erumo (eV) -2.511 +1.225 -2.327

Egap (eV) 4.884 7.633 3.147

IP(eV) 7.396 6.409 5.475

EA(eV) 2.511 -1.225 2.327
Chemical potential (eV) | -4.953 -2.592 -3.901
Chemical handness 2.442 3.817 1.574
Electrophilicity (eV) 5.024 0.880 4.835

The HOMO energy of kaolinite (Enomo = —7.396 eV) is deeply negative, reflecting a tightly held electron density and
a chemically inert surface character. The energy gap (Egp =4.884 €V) and high chemical hardness (n = 2.442 eV) are
consistent with kaolinite being an electrical insulator. These descriptors confirm that the bare clay surface offers
limited electronic interaction sites for the anionic dye.

Upon modification with chitosan, the composite introduces frontier orbital energies characteristic of the glucosamine
monomer: Expomo = —6.409 eV, which is 0.987 eV higher (less negative) than kaolinite alone. This energy shift
signifies that the chitosan-modified surface possesses a more accessible electron density — a prerequisite for stronger
donor—acceptor interactions with the dye molecule. The markedly lower electrophilicity of chitosan (® = 0.880 eV,
versus 5.024 eV for kaolinite) further confirms that chitosan acts primarily as an electron-donating component in the
composite, while kaolinite provides the structural support and Lewis acid Al/Si sites [13].
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the HOMO energy of chitosan (—6.409 eV) lies above the LUMO energy of methyl orange (—2.327 eV), satisfying
the fundamental frontier molecular orbital criterion for favorable donor—acceptor interaction [14]: the electron density
donated by chitosan's —NH, group can be accepted by the electron-deficient azo and sulfonate groups of methyl
orange. This finding provides a quantum-chemical basis for the superior adsorption performance of the c-CTS-
ECH/KC and b-CTS-ECH/KC biocomposites observed experimentally.

Optimisation structure HOMO LUMO MEP

2

@ &

®)

-6.174%-2 6.174°-2
- =

Fig.11. Optimization geometry and Visualization of the energy gap between the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), with the Molecular Electrostatic
Potential (MEP) for Methyl Orange (a) Kaolinite (b) and Chitosan (c).

3.8.2 The Naturel Band Orbital (NBO) Charge Analysis

The nitrogen atom of chitosan's —NH, group carries a NBO charge of — 0.891 e, the most electron-rich site across all
three molecules. At acidic pH, protonation of this nitrogen generates —NH3", creating a positive charge center that is
electrostatically complementary to the sulfonate oxygen’s of methyl orange (qO = — 0.916 to — 0.946 e). The
simultaneous partial positive charges on the Al surface sites (QAl = +1.982 to +2.042 ¢) and Si sites (qSi =+2.233 to
+2.397 e) of kaolinite provide additional Lewis acid—base interaction sites with the electron-rich sulfonate group [11].
These charge distributions are fully consistent with the electrostatic mechanism proposed in Eq. 11-14. The hydroxyl
protons of chitosan (qH = +0.484 to +0.486 ¢) and kaolinite surface OH groups (qH = +0.491 to +0.541 ¢) act as H-
bond donors. The sulfonate oxygen’s of methyl orange (q =—0.916 to —0.946 ¢) and its azo nitrogen’s (N = —0.190
to —0.419 e) provide complementary H-bond acceptor sites. The strong charge complementarity between these atoms
confirms that hydrogen bonding constitutes a significant secondary interaction mechanism. The aromatic carbons of
methyl orange carry partial negative NBO charges (qC =—0.181 to —0.343 e), consistent with an electron-rich @ system
available for face-to-face stacking with the glucosamine ring system of chitosan [61,62].

4. Conclusions

This study synthesized and characterized two epichlorohydrin-crosslinked chitosan/kaolinite biocomposites, c-CTS-
ECH/KC from commercial chitosan and b-CTS-ECH/KC from chitosan synthesized locally at INRAA Touggourt,
and evaluated their performance for methyl orange dye removal. Characterization confirmed that the kaolinite
framework remained intact after modification, with chitosan grafted in an amorphous form binding the clay platelets,
and that the material shifted from a non-porous Type II isotherm to a mesoporous Type IV structure with H3-type
hysteresis, despite reduced surface area from pore filling by the biopolymer.

Box-Behnken optimization identified adsorbent dose, pH, contact time, temperature, and chitosan loading, along with
pH-time and pH-loading interactions, as the dominant factors governing removal. Under optimized conditions (0.11
g, pH 4, 75 min, 45 °C, 25% loading), maximum removal efficiencies of 82.6% and 80.2% were achieved for c-CTS-
ECH/KC-25 and b-CTS-ECH/KC-25, respectively. Adsorption followed pseudo-second-order kinetics for both
materials, while equilibrium data fit the Langmuir isotherm for c-CTS-ECH/KC-25 (qmax = 216.92 mg/g, monolayer)
and the Freundlich isotherm for b-CTS-ECH/KC-25 (qmax = 204.08 mg/g, multilayer). Thermodynamic analysis
confirmed a spontaneous, endothermic process with increased interfacial disorder, and the proposed mechanism
combined electrostatic attraction, hydrogen bonding, and n—r stacking between the composite surfaces and the MO
sulfonate moiety.
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These results show that b-CTS-ECH/KC, built entirely from Algerian raw materials, performs comparably to its
commercial counterpart and is competitive with other adsorbents reported, positioning locally synthesized chitosan as
a credible, lower-cost substitute for clay-based composite design relevant to affordable water treatment in chitosan-
producing regions.

Overall, epichlorohydrin-crosslinked chitosan/kaolinite biocomposites, whether commercial or locally sourced,
emerge as effective, scalable candidates for dye-contaminated wastewater remediation, with b-CTS-ECH/KC standing
out as a sustainable, regionally viable alternative warranting further validation at larger scales.

DFT analysis confirms that chitosan-functionalized kaolinite exhibits enhanced electronic reactivity for methyl orange
adsorption, as reflected by increased HOMO energy, favorable frontier orbital overlap, and NBO-derived
electrostatic/hydrogen-bonding interactions—all consistent with the experimental kinetic and thermodynamic data.
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