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Abstract

The facile synthesis of modificated chitosan/ Analcime clay (CTS/Ana) composite was performed by two
subsequent steps involving modification of chitosan (CTS) with an inorganic clay (Analcime, Ana) from El
Menia (EI-Golea), Algeria. The applicability of the CTS/Ana composite for reduction of methylene blue dye
(MB) from aquatic system was investigated. SEM and FTIR analyses were employed to identify the structural
alterations in Ana clay matrix resulting from the incorporation of CTS and the adsorption of MB. The main key
factors that influences the MB dye such as Ana loading 0-50% (A), CTS/Ana dose 0.02-0.1 g (B), solution pH
4-10 (C), temperature 30-60 °C (D), and contact time 5-45 min (E) were optimized by using Box—Behnken
design (BBD). The highest MB dye removal (99.08 %) were observed at the following significant interactions:
AB, AC, AD, BE, CE, and DE, under optimal conditions (A: 25%, B: 0.1 g, C: 10, D: 45 °C, and E: 25 min).
The optimal adsorption capacity of 129.87 mg/g was attained for CTS/Ana composite at 45 °C under these
settings. The Langmuir and pseudo-second-order models demonstrated efficacy for isotherms and kinetics,
respectively. This work highlights that CTS/Ana composite offers great potential as a low-cost and effective
biocomposite material for the organic dyes removal from water/ wastewater.

Keywords: Analcime clay, Chitosan, Box—Behnken design, Methylene blue dye.
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1. Introduction

In contemporary society, effluent discharged by industries is a significant worry for environmentalists. Industrial
effluents comprise numerous hazardous metals, deleterious gases, and a variety of organic and inorganic
chemicals. The release of these untreated toxic effluents has compromised natural flora and wildlife and poses a
threat to human health. Long-term exposure to such an environment can result in severe diseases, including
cancer, delayed neurological responses, mutagenic alterations, and neurological problems [1]. Consequently,
there is an ongoing requirement to uphold the standard permitted limits of these elements in industrial effluents
prior to environmental disposal. Consequently, numerous physical, chemical, and biological approaches have
been utilised to address the issue of removing these substances from wastewater [2-4]. Cationic dyes, especially
methylene blue (MB), demonstrate greater toxicity compared to anionic dyes [5, 6]. Synthetic dyes, while
offering stability, may be associated with health issues including allergic dermatitis, cancer, and genetic
abnormalities [7, 8]. Various technologies, including biological and physico-chemical methods, membrane
filtration, ozonation, advanced oxidation, and adsorption, are employed to treat wastewater containing dyes [9-
17].

Adsorption is favoured over other costly procedures because of its adaptability, compatibility, affordability, and
regenerative capacity [18, 19]. In light of contemporary trends in achieving environmental sustainability,
scientists are focussing on employing naturally occurring materials to create cost-effective green adsorbents for
the efficient elimination of harmful substances from wastewater [20, 21].

The use of several clay types as adsorbents has attracted attention due to their cost-effectiveness and local
availability [22, 23]. The chemical and pore characteristics of clay minerals substantially affect their adsorption
capabilities. Improvements in adsorption capacity have been achieved through chemical and physical
modifications of pore structures. Inorganic bases, acids, surfactants, and salts have been employed to modify
clay minerals, while a combination of chemical and physical treatments has been implemented to alter the
surface and structure of these minerals [23, 24].

Recently, chitosan (CTS) , which is renewable, plentiful, and non-toxic, has been developed as a cost-effective
and efficient alternative [25-27]. The positive charge and polysaccharide macromolecular structure of CTS
render it effective for the elimination of anionic dyes [28, 29]. Acidic circumstances (pH < 5) render CTS
unstable and rapidly dissolve it, hence restricting its application due to the protonation of amino groups. The
molecular structure of CTS has been modified both physically and chemically to incorporate spherical beads,
enhancing porosity and surface area [30].

This study evaluates the sorption efficacy of modified local clay, enhanced with additional surface functional
groups via CTS coupling. Multivariate modeling and optimization of MB adsorption onto modified clay were
performed using response surface approach, integrating critical parameters such as adsorbent dosage, solution
pH, temperature, and contact duration, in addition to other input variables. Furthermore, thorough examinations
were conducted on the adsorption kinetics, isotherms, and thermodynamics of MB dye removal employing the
modified clay. A significant component of this work is the possibility for pollutant removal by the use of a novel
bio-adsorbent, specifically a native clay from El Menia.

2. Materials and Methods

The clay sample (Ana) was collected from Hassi Gara, EI Menia southeast Algeria. The dye used was the
methylene bleu (MB) extended from Sigma-Aldrich. The commercial CTS was purchased by Sigma-Aldrich.
Hydrogen peroxide (H202), Sodium acetate (CH3COONa), Acetic acid (CH3COOH), Sodium
hexametaphosphate (NaPQs)s, Hydrochloric acid (HCI), Sodium hydroxide (NaOH) were furnished from
Merck. The Shimadzu UV-Visible Spectrophotometer UV-2600 was used to read the absorbances to determine
the concentrations of dye. Sample characteristics were determined using scanning electron microscopy/energy-
dispersive X-ray analysis (Hitachi, TM3030Plus, Tabletop Microscope), Fourier transform infrared analysis
(Cary 600 series FT-IR spectrophotometer, Agilent technologies).
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2.1. Dye solution The MB characteristics are illustrated in Table 1. The MB solution dye was prepared by
dissolving 100 mg of dye in 1L of distilled water. Separated analyses were done at Amax = 664 nm using a UV—
Visible spectrophotometer.

Table 1. General characteristics of MB [31].

Name Molecular formula Mw (g mol?)  Nature Amax (M)
Methylene bleu C16H1sCIN3S 373.90 Cationic 665
2.2. Preparation of samples

The clay sample fractionation method employed in this investigation is derived from previous research [32, 33].
The natural rock clay was subjected to a series of processes to acquire our samples. The clay was immersed in
water and permitted to degrade entirely over 24 hours. It was then filtered using polypropylene cartridges with 5
pUm apertures to isolate particles smaller than 5 um. The resultant material was dried at 100 °C for 24 hours and
then pulverized into a powder. Subsequently, to remove any organic compounds, the clay was washed with 40
cc of a 6% H,0; solution. Subsequently, a solution containing 80 ml of buffer solution at pH 4.8, composed of
16 g of CH3;COONa and 10 ml of CH3COOH, was introduced. Ultimately, to acquire particles smaller than 2
pum, a graduated tube was employed with the incorporation of (NaPOs)s. Following a settling duration of 7 hours
and 45 minutes, a floating layer was obtained at a depth of 10 centimeters. The gathered samples were then
rinsed several times with distilled water, centrifuged, and subsequently preserved for future utilization.

2.3. Synthesis of CTS/Ana

This study entailed the fabrication of a modified sample by amalgamating 1 g of CTS with 100 ml of 5% acetic
acid. The liquid was incessantly stirred at ambient temperature until a gel was produced. Subsequently, 1 g of
clay was added to the mixture, which was then continuously agitated for 24 hours. The mixture was
incrementally added dropwise to a beaker containing 100 ml of a 0.5 M sodium hydroxide (NaOH) solution,
resulting in the drops solidifying into pellets upon contact with the solution. The solution was subsequently
filtered, and the pellets were thoroughly washed until the pH reached 7. The pellets were desiccated and
meticulously stored until needed, with intentional segregation during the drying process to avoid adhesion [34,
35].

The ratio of clay to CTS must be considered during sample production. A 50% sample is prepared with
a CTS /Ana ratio of 1:1, while a 25% sample is prepared using a ratio of 1/4:3/4.

2.4. Experimental design

The RSM Design-Expert is a distinct functionality within Stat-Ease's Design-Expert program. It emphasizes
Response Surface Methodology (RSM) for the optimization of processes. It assists researchers in designing
experiments, fitting response surface models, and analyzing data effectively [36, 37]. This study conducted
forty-one tests to evaluate the influence of five primary parameters (acid activation concentration, adsorbent
injection, pH, residence time, and temperature) on methylene blue elimination. Optimal parameters were
established by exploratory research, and the experimental domain was delineated using Box-Behnken design
(BBD). The Stat-Ease Design-Expert software (Version 13.0) was utilized for MB reduction. Table 2 displays
the magnitudes and coded values of independent variables. Initial assessments established their scope. The
experimental findings were analyzed, and the clearance of MB dye was anticipated using equation (1).

Y =B+ X B X+ Ty Bu X2+ Xiy Z§=1 Bij XiX; + € 1)

Where, Y represents the objective, k is the number of variables, i and j are the variable indices, S is the constant
coefficient, g and g are linear and quadratic coefficients, g is the interaction coefficient, and £ is a random
error. X; and X; are the response and coded values for independent factors (-1, 0, and +1), respectively. Positive
coefficients show synergy, while negative ones indicate antagonism between variables.
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Table 2. Coded and actual variables and their levels in BBD

Factor Level

Low Medium High
CTS loading (%) 0 25 50
Adsorbent dose (g) 0.02 0.06 0.1
pH 4 7 10
Temperature (°C) 30 45 60
Contact time (min) 5 25 45

Researchers employed Analysis of Variance (ANOVA) to evaluate the model's accuracy by examining the
coefficients, which included p-value, F-value, determination coefficient (R?), projected determination
coefficient (R? pred), adjusted determination coefficient (R? .q), acceptable precision, degrees of freedom (df),
and standard deviation (SD) [38]. These characteristics were essential in assessing the accuracy of both the
experimental data and the model. The researchers utilized a dependable second-order quadratic model equation
to forecast optimal values and examine the interrelationships among the variables. Optimal factor values were
established utilizing the regression equation, counter-response surface map, and limitations on variable levels.
Initial tests were performed to ascertain extreme variable values.

2.5. Batch adsorption studies

The RSM Design-Expert was utilized to assess the adsorption capability of clay for the removal of MB dye.
Various dye concentrations (50 to 300 mg/L) and adsorbent quantities (0.02 to 0.1 g), modified by CTS (25,
50%), were employed at diverse temperatures (30-60 °C) and pH levels (4-10), adjusted using 0.1M HCI and
NaOH, during varying durations (5-45 min). Following the adsorption experiments, residual concentrations
were quantified at Amax 664 nm utilizing a UV-vis spectrophotometer. The adsorption capacity (qe mg/g) and dye
removal percentage (R%) were calculated using equations (2) and (3), respectively, after centrifuging the
samples prior to measurement.

Co—Ce

R(%) = x 100 2

e = = (Co—Co) ®)

In order to Co (mg/L) are the initial MB dye concentrations and Ce (mg/L) are the equilibrium one, V (L) is the
volume of the dye solution, and W(Q) is the clay weight.

3. Results and Discussion
3.1 Characterization of CTS/Ana

The Fig. 1. below presented the SEM/EDX spectrum of modified local clay (a) befor, (b) after the adsorption of
the MB dye. The Ana clay changed The SEM shows a coarse, porous surface with random fissures. Its massive
dye-molecule interaction surface. Larger surface areas enhance dye-adsorbent interaction and adsorption. C, O,
Mg, Al, Si, K, Fe, and Sr in EDX spectra resemble CTS-modified Ana clay. CTS and clay affect peak intensity.
The EDX spectrum displays a bromine signal after MB dye removal, confirming dye adsorption. Bromine in
modified clay confirms MB dye. Before and after dye removal, EDX spectra show minor element strengths and
variations. Differences reflect adsorption-influenced elemental distribution. Dye molecules can displace ions or
establish bonds. Use 25% CTS-modified Ana clay to remove SEM and EDX dye. Bromine absorbs
contaminants through its porous surface and essential components following dye removal. MB and CTS/Ana
clay may increase elemental composition adsorption.
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Table 3. The RSM Design-Expert matrix with five factors and experimental results for MB

Run CTS loading Absorbent pH Temperature (°C)  Time Removal
(%) (9) (min) (%)
12 25 0,06 4 30 25 43,61
23 25 0,02 7 30 25 69.34
30 25 01 7 30 25 78.55
31 25 0,06 7 30 5 44.47
32 25 0,06 10 30 25 87.64
36 50 0,06 7 30 25 47.76
4 0 0,06 7 30 25 92.01
46 25 0,06 7 30 45 80.86
1 0 0,06 7 45 5 34.72
2 25 0,1 7 45 45 98,18
3 25 0,06 7 45 25 97.43
4 50 0,06 4 45 25 34.02
6 25 0,1 7 45 5 48.83
7 25 0,02 7 45 45 71.33
8 25 0,06 10 45 5 48.04
9 50 0,06 10 45 25 57.66
10 25 0,02 4 45 25 44.87
13 25 0,1 4 45 25 48.92
14 25 0,02 10 45 25 75.20
17 25 0,06 7 45 25 97.43
18 25 0,06 4 45 45 46.31
19 25 0,06 10 45 45 98.28
20 25 0,02 7 45 5 33.74
21 50 0,02 7 45 25 45.13
22 0 0,1 7 45 25 94.80
24 25 0,06 7 45 25 97.43
26 0 0,06 7 45 45 90.62
27 50 0,06 7 45 45 48.15
28 0 0,02 7 45 25 63.09
29 50 0,06 7 45 5 34.42
34 25 0,06 7 45 25 97.43
3B 25 0,06 4 45 5 28.78
37 25 0,1 10 45 25 99.08
38 0 0,06 4 45 25 51.30
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39 25 0,06 7 45 25 97.43
41 0 0,06 10 45 25 81.75
42 25 0,06 7 45 25 97.43
45 50 0,1 7 45 25 51.01
5 25 0,02 7 60 25 52.98
11 25 0,06 10 60 25 65.01
15 25 0,06 4 60 25 40.12
16 25 0,1 7 60 25 67.92
25 0 0,06 7 60 25 60.42
3 25 0,06 7 60 5 30.62
40 25 0,06 7 60 45 70,85
43 50 0,06 7 60 25 41.89

The FTIR spectra in Fig. 2 illustrate the CTS/Ana-25 prior to (a) and subsequent to (b) methylene blue (MB)
dye removal, indicating alterations in dye adsorption. A prominent band around 3400 cm™ likely corresponds to
hydroxyl stretching vibrations from CTS and adsorbed water, whereas a band about 1650 cm™ may indicate
amide | and water bending vibrations prior to dye removal. The 1000-1100 cm™* range signifies T-O stretching
vibrations inside the clay framework, whereas the 500-600 cm™ bands are associated with structural vibrations
or interactions with CTS [39-41]. The removal of dye leads to a diminished intensity of the OH band at 3400
cmL, signifying interactions with hydroxyl groups or adsorbed water, alongside a reduction in water content or
modified amide group interactions at 1650 cm™. Subtle fluctuations in the 1000-1100 cm™ range signify
structural modifications in the clay framework due to dye adsorption, whereas alterations in the 500-600 cm
region reflect the reorganization of CTS complexes [33]. Spectra indicate that methylene blue adsorption
influences hydroxyl and amide groups, reduces water content, and partially alters the Ana structure.

EHT = 20,00 kv
WD = 8.37 mm

Signal A= SE1
Mag= 10.00KX

Date: 18 Jan 2024
Time: 11:13:46

Element  Masse %  Atomic %
OK 40.75 58.09
MgK 3.00 2.82
AIK 10.98 9.28
SiK 25.14 20.41
KK 6.79 3.96
FeK 13.33 5.44

Fe
Fe
52 E.SNA 78 91 = 104 i} -H? - 1;,0
Element Mass % Atomic %
CK 20.77 31.75
OK 49.81 57.16
Mg K 0.96 0.72
Br K 10.14 2.33
Si K 9.43 6.16
In K 4.89 0.78
0.70

Fe K

2.14
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Fig. 2. FTIR spectra of CTS/Ana-25 (a) before and (b) after MB dye removal
3.2. Parametric optimisation with BBD-RSM

Utilizing a BBD, we evaluated the singular and synergistic effects of A: CTS loading, B: adsorbent dose, C:
solution pH, D: temperature, and E: contact time on the removal of MB dye. The experimental results’ statistical
significance was validated by analysis of variance (ANOVA), which indicated an F-value of 71.62 and a highly
significant p-value of <0.0001 (Table 5). The results, as emphasized by reference [42], demonstrate the
significant statistical relevance of the BBD model in the context of MB dye elimination. A coefficient of
determination R2 = 0.98 indicates a strong correlation between the observed and predicted amounts of MB dye
elimination. The importance of the BBD model's components is clear, as variables A, B, C, D, E, AB, AC, AD,
BE, CE, DE, A? B? C? D? and E? exhibited statistical significance (p-value < 0.05) under the designated
experimental conditions. These data validate the significance of these parameters in the context of MB
elimination. Excluding terms with p-values exceeding 0.05, the quadratic polynomial equation (4) effectively
delineates the link among the examined parameters (CTS loading, dose, pH, temperature, contact time) and MB
dye elimination in the BBD model. This guarantees a more precise alignment of the model with the
experimental data.

MB removel(%) = +97.43 — 13.864 + 8.23B 4+ 17.93C — 7.15D + 17.15FE — 6.46AB — 7.16AC +
6.43AD + 4.96BE + 8.18CE — 4.78DE — 20.46A? — 12.15B% — 22.20C? — 17.89D% — 19.82E? 4)

Table 5. Analysis of variance (ANOVA) of the MB dye removal response surface quadratic model

Source Sum of Squares df Mean Square F-value p-value

Model 23741.24 20 1187.06 71.62 <0.0001
A-CTS loading (%) 3074.70 1 3074.70 185.51 < 0.0001
B-Absorbent dose (g) 1082.57 1 1082.57 65.32 < 0.0001
C-Time 5141.97 1 514197 310.24 < 0.0001
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D-Temperature 818.39 1 818.39 49.38 < 0.0001
E-pH 4703.56 1 4703.56 283.79 <0.0001
AB 166.80 1 166.80 10.06 0.0040
AC 205.06 1 205.06 12.37 0.0017
AD 165.38 1 165.38 9.98 0.0041
AE 13.00 1 13.00 0.7841 0.3843
BC 34.57 1 3457 2.09 0.1611
BD 8.21 1 821 0.4952 0.4881
BE 98.31 1 9831 5.93 0.0223
CD 3.69 1 3.69 0.2224  0.6413
CE 267.49 1 267.49 16.14 0.0005
DE 91.58 1 9158 5.53 0.0269
A2 3652.82 1 3652.82 220.39 <0.0001
B2 1288.56 1 1288.56 77.75 < 0.0001
Cc2 4302.84 1 4302.84 259.61 <0.0001
D2 2794.55 1 2794.55 168.61 < 0.0001
E2 3426.99 1 3426.99 206.77 <0.0001
Residual 414.35 25 16.57

Lack of Fit 414.35 20 20.72

Pure Error 0.0000 5 0.0000

Cor Total 24155.59 45

Normal probability plots of externally assessed residuals examine the normality of the residual distribution in
Fig 3a. Statistics assumes normal residuals for precise predictions. Due to the alignment of points, both
representations exhibit normal residuals. This pattern upholds model assumptions such as residual independence
and the plausibility of hypotheses. Normal residuals indicate correlations that enhance model prediction. The
randomness and independence of residuals with relation to the run number are depicted in Fig. 3b. Model
autocorrelation and bias are absent, as all residuals reside within the residual rings and exhibit no discernible
patterns or trends over run numbers. Post-randomization, the stable model accurately forecasts MB dye removal
parameters devoid of overfitting or systemic errors. This assesses the model's efficacy in dye removal.
Ultimately, Fig 3c juxtaposes the actual and anticipated removal of MB dye. Robustly interconnected data
forecasting models perform effectively. The proximity of the actual and anticipated values indicates a minimal
model-experimental error. A robust correlation enhances the model's ability to predict and optimize MB dye
removal [42, 43].
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Fig. 3. Plots of (a) the normal (%) probability of residuals, (b) residuals vs. the run order, and (c) actual
values vs. predicted values

Fig. 4. presents two 3D surface plots, depicting the relationship between various factors and the efficiency of
MB elimination. Plot (a) in Fig. 4 illustrates that dye removal increases with absorbent dosage ranging from
0.02 t0 0.1 g and CTS loading from 0 to 25%. Both criteria are essential for process optimization. In figure (b),
the efficacy of removal enhances over time (5-45 minutes) and with CTS loading; nevertheless, the effect levels
out, indicating an optimal range for both variables. Dye clearance escalates with CTS (0-50%) and temperatures
of 30-60°C in plot c. The influence of temperature diminishes as values increase, suggesting an optimal range.
In plot (d), elevating the pH from 4 to 10 and incorporating 0.02 to 0.1 g of absorbent eradicates color and
enhances adsorption. The efficiency of dye removal increases with pH, but time levels out beyond a certain
threshold (Plot e). Ultimately, plot (f) illustrates that pH effectively removes dye more efficiently at lower
temperatures. The removal of dye is primarily influenced by pH, CTS loading, and absorbent dosage. CTS-
modified Ana effectively eliminates MB.
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3.3. Adsorption Study We investigated the effect of contact duration on the adsorption of MB dye onto
activated carbon (AC), examining various starting concentrations ranging from 50 to 300 mg/L. The research
upheld consistent parameters for CTS loading (25%), adsorbent dosage (0.1 g/100 mL), solution pH (10), and
temperature (45 °C). Fig. 5 illustrates graphs of changed clay adsorption capacity (mg/g) with time (min) for
different initial concentrations of MB dye. The adsorption capacity escalated from 25.61 to 138.24 mg/g when
the MB dye concentration grew from 50 to 300 mg/L. This trend indicates a substantial driving force, ascribed
to a concentration gradient, affecting the movement of MB dye molecules into the internal pores and active sites

of the modified clay [44].

R1(%)
R1(%)

R1(%)
R1(%)

152“ <
77
(255007 77
V77
757555275

R1 (%)

R1(%)

3.4.

Fig. 4. The 3D surface plot displays (a) interaction between the dose and CTS loading, (b) shows
interaction between the contact time and the CTS loading, (c) showing interaction between temperature and
CTS loading, (d) interaction between pH and the absorbent dose, (e) interaction between pH and contact
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time, and (f)showing interaction between the pH and the temperature.
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Figure 5. Effect of the initial MB concentration on the modified clay adsorption capacity as a function of the
contact time (pH =10, adsorbent dose = 0.1 g, agitation speed = 100 rpm and volume of solution = 100 mL).

3.5. Adsorption kinetics

The adsorption Kinetics are essential for understanding the adsorption behavior of Methylene Blue (MB) on the
modified clay surface and for examining the underlying adsorption process. To this end, both the pseudo-first-
order (PFO) and pseudo-second-order (PSO) kinetic models were utilized [45]. The non-linear representations
of the kinetic models, delineated in equations 6 and 7, are as follows:

qe = q.(1 —e~¥at) (6)

_ gkt
qc = 1+qek,t (7)
where:

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

Table 6. The kinetic parameters of pseudo-first-order (PFO) and pseudo-second-order (PSO) for MB sorption onto
AC at optimal conditions

Concentration Qe exp Pseudo-First-Order Pseudo-Second-Order

(mgfl) (mg/g) Qe cal K1 (1/min) R? Qe cal K R?
(mg/g) (mg/g) (9/mg*min)

50 25.61 58.45 0.3111 1 31.06 0.0019 1

100 49.75 167.07 0.2676 0.87 50.25 0.0003 0.99

150 74.72 168.16 0.2101 0.96 80.00 0.0009 0.99

200 99.03 4141 0.2156 0.91 105.26 0.0008 0.99

250 113.94 29.33 0.0264 0.93 116.28 0.0021 1

300 138.24 73.49 0.0175 0.93  140.85 0.0006 0.99

The data in Table 6 indicates that the pseudo second order model more accurately describes the adsorption of
MB dye on the modified clay surface than the pseudo first order model. The finding is substantiated by the
elevated correlation coefficients (R?) derived from the PSO model, signifying a more robust concordance
between the model predictions and experimental data. The computed "ge cal" values from the PSO model
closely align with the experimental "ge exp" values, indicating enhanced prediction accuracy relative to the PFO
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model. This indicates that the adsorption of MB dye on the modified clay surface is predominantly controlled by
the chemisorption process, as outlined by the PSO model.

3.6. Adsorption isotherm

Adsorption isotherms like as Langmuir, Freundlich, and Temkin are crucial for comprehending the interaction
of MB dye molecules with activated carbon. These models facilitate the analysis of equilibrium adsorption data
and effectively ascertain activated carbon adsorption capacity[46-48]. The non-linear representations of the
isotherms are delineated in Egs. (8), (9), and (10) as follows:

Langmuir Freundlich Temkin
Ce _ qmaxKaCe 1 _ E
w0 tike, O q. = KC? (9) qe =7 (InK:C;) (10)

where: Ce (mg.L™?) is the concentration of MB dye at equilibrium, gmax (Mg.g™?) is the maximum quantity of the
MB dye per unit mass of CTS/Ana, ge (Mmg.g?) is the amount of MB dye uptake at per unit weight of CTS/Ana,
Ka (L.mg™?) is Langmuir constant, Ke (mg.g1)(L.mg2)Y" is the Freundlich constant, n is the dimensionless
constant that indicates the adsorption intensity, Kt (L/mg) is Temkin constant, T (K) is temperature, R (8.314
J/mol.K) is the universal gas constant, and bt (J/mol) represent adsorption intensity and heat of adsorption.

Table 7. Langmuir, Freundlich, and Temkin constants for the adsorption of MB dye onto
CTS/Ana at 45 °C

Model Parameters Value
Langmuir gmax (Mg.gY) 129.87
Ka(L.mg?) 1.79
R? 0.99
Freundlich Kr (mg.gY)(L.mgH)¥n 65.05
n 4.10
R? 0.75
Temkin Kr (L/mg) 71.98
br (J/mol) 34.97
R? 0.89

The adsorption of MB dye by the modified clay, as shown in Table 7, is most effectively conveyed by the
Langmuir adsorption isotherm model, which demonstrates a superior R? value (0.99) relative to the Freundlich
and Temkin models. This indicates that MB dye molecules establish a monolayer covering on the uniform
surface of the adsorbent, featuring energetically comparable sites[49]. Additionally, the Langmuir model
indicated that the maximum adsorption capacity (gmax) for the modified clay is 129.87 mg/g. This value denotes
the maximum quantity of MB dye that may be absorbed per unit mass of modified clay under ideal conditions.

Modified clay has proven to be a highly efficient adsorbent for the elimination of the cationic dye (MB) from
water, as evidenced by a comparison of its qmax With other adsorbents documented in the literature presented in
Table 8.
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Table 8. Adsorption capacities of different adsorbents

Adsorbents gmax(Mg/qg) References
Chitosan-ECH/kaolin composite 560.90 [50]

CC25 254.8 [33]
Fe30,-CTMAC/SEIA-Mt 246 [51]

IKaol Algerian 114.94 [43]
Activated carbon/cellulose composite (ACC) 103.66 [52]
CTS-AC 56.7 [53]
Coconut husk cellulose 42.72 [42]
Gypsum 36 [7]
CTS/Ana 129.87 This study
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Fig. 6. Adsorption isotherm models of the MB dye onto CTS/Ana-25 (pH =10, adsorbent dose = 0.1 g,
agitation speed = 100 rpm and volume of solution = 100 mL).

3.7. Adsorption thermodynamics

Thermodynamic metrics such as AG°, AS°, and AH® are employed to evaluate the adsorption of MB dye onto
the surface of activated carbon. AG® denotes spontaneity (negative values suggest feasibility), AS® quantifies
unpredictability (positive values reflect increased disorder), and AH® represents thermal changes (negative for
exothermic processes, positive for endothermic processes). These characteristics provide insights into the
energetics and dynamics of the adsorption process, facilitating its optimization and comprehension.
Thermodynamic characteristics of adsorption were derived using formulae. (11) to (13) [54]:

AG’ = —RTLnK, (11)

Kd = Z_: (12)
AS® AH®

LTle = T - F (13)

Thermodynamic parameters (AH® and AS°) obtained from the InKd against 1/T in Fig. 7, where the slope
indicates AH® and the intercept signifies AS”.
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Fig. 7. Van't Hoff plot elucidates MB adsorption onto modified local clay thermodynamics.

The negative AG®°, AH, and positive AS values associated with the methylene blue removal reaction using
CTS/Ana, as detailed in Table 9, signify a spontaneous, exothermic, and entropy-increasing process. The
negative AG® implies the reaction occurs autonomously, while the negative AH denotes heat release during the
process [55]. The positive AS reflects an increase in disorder, likely resulting from new bond formation or a rise
in particle quantity [55]. Collectively, these thermodynamic parameters indicate that methylene blue removal is
a favorable process for effective pollutant elimination [56].

Table 9. Thermodynamic analysis of MB dye adsorption onto CTS/Ana.

T(K) Ln (Kd) AG® AH® AS° (KJ/mol)
(KJ/mol) (KJ/mol)

303,15 1,337 -3,37 11,81 0,0502

131,15 1,526 -3,97

323,15 1,626 -4,37

333,15 1,772 -4,91

3.8. Adsorption mechanism of MB

The Fig. 8 presented the adsorption mechanism of MB by CTS/Ana-25. The proposed process for the adsorption
of MB by the modified clay involves a complex interaction between the functional groups on the adsorbent's
surface and the dye molecules. Adsorption is predominantly influenced by the electrostatic interactions between
the positively charged MB dye molecules and the negatively charged regions on the modified clay surface.
Moreover, adsorption can be augmented by =m-7 interactions, wherein the electrons of the oxygen atom
delocalize into the m orbital of the MB aromatic ring [57]. The existence of dipole-dipole hydrogen bonding
between oxygen atoms on the modified clay and oxygen/nitrogen atoms in the molecular structure of MB, along
with Yoshida hydrogen bonding between surface hydroxyl (-OH) groups and the MB aromatic ring,
significantly influences the adsorption process [33, 58]. These interactions underscore the critical role of surface
functional groups in augmenting the adsorption of MB dye on the modified clay. This offers essential insights
for formulating adsorption techniques across various domains, including wastewater treatment and the
elimination of dyes from industrial effluents.
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Fig. 8. Mechanism diagram of MB on the CTS/Ana surface.
4. Conclusion

This study assessed the efficacy of natural and modified local clay, in conjunction with 25% CTS, for the
extraction of MB from water, utilizing Response Surface Methodology (RSM) to adjust the process parameters.
The research aimed to determine the ideal conditions for improving MB removal utilizing clay-based
adsorbents. The Box-Behnken design methodology was employed to determine the optimal adsorption
parameters, analyzing the impacts of five independent variables. The study revealed that under the defined
optimal conditions (CTS loading 25%, adsorbent dosage 0.1 g, pH 10, temperature 45 °C, and contact time 25
min), the highest removal rate of MB attained was 99.08%, accompanied by an optimal adsorption capacity of
129.87 mg/g. The adsorption process followed pseudo-second-order kinetics, as evidenced by the analysis of
kinetic experimental data. The thermodynamic functions demonstrate that the adsorption process is both
endothermic and spontaneous. The adsorption experiments demonstrated that the modified clay is an effective
and cost-efficient adsorbent for the elimination of cationic dyes from diverse wastewater sources. These findings
underscore the efficacy and cost-effectiveness of CTS/Ana-25 as a method for alleviating dye pollution in
various industrial effluents and wastewater treatment systems.
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