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Kinetic and thermodynamic study of the adsorption of methyl red by natural and modified clays from Côte d’Ivoire
ABSTRACT
Agri-food and textile industrial units located near waterways discharge their wastewater, which often contains large quantities of toxic dyes, potentially carcinogenic and very dangerous for humans. It is necessary to effectively treat these industrial effluents in order to limit their impact on the environment. Thus, the treatment of colored solutions has become one of the interests of scientific research. It is in this context that this work examines the ability of clays to remove the methyl red contained in aqueous solutions. For this, clays from Côte d’Ivoire were brought into contact with synthetic solutions of methyl red by following parameters such as contact time, pH of the medium, temperature, mass of clay and initial concentration of methyl red. Experiments have shown that the adsorption capacity increases quickly during the first 30 minutes of contact. The contact time for reach equilibrium may be 30 minutes. The adsorption reaction is described by a second-order kinetic model. It is influenced by the pH of the medium, the temperature and the valence of the saturating cation and its degree of hydration. The adsorption capacity increases with the mass of clay, the initial concentration of methyl red, the content of iron compound, of titanium oxide TiO2 and the importance of the clay fraction with a diameter < 2 μm. Thermodynamic parameters revealed that it is a spontaneous physical adsorption.
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1. INTRODUCTION 
Water is an essential resource for life. But the various uses of this resource by humans produce significant quantities of wastewater which is most often contained trace metal elements, dyes, nutrients (Ake, 2022; Ake et al., 2025) and other polluting chemical and biological substances (Crini & Lichtfouse, 2018). This wastewater, when discharged into nature without appropriate treatment, constantly deteriorates the water resource (Ake, 2022; Kouakou et al., 2023; Ake et al., 2025); which constitutes a threat to human health, aquatic flora and fauna and even the environment due to its high toxicity. For example, food and textile industrial units located near waterways discharge their wastewater, which most often contains large quantities of toxic dyes, potentially carcinogenic and very dangerous for humans (Khan & Malik, 2014; Manzoor & Sharma, 2020). It is therefore necessary to effectively treat this industrial wastewater in order to limit its impact on the environment. With this in mind, the treatment of colored solutions has become one of the interests of scientific research.

In the context of the elimination of dyes contained in effluents, coagulation-flocculation, electrocoagulation, ozonation, reverse osmosis, advanced oxidation, adsorption and membrane filtration processes have been widely studied (Kouadio et al., 2022; Kouakou et al., 2023). In industries, the physicochemical-biodegradation process coupling is widely used to treat effluents contained dyes (Kouadio et al., 2022). However, some methods have disadvantages related to the complexity and high cost of treatment, which may be difficult to bear for a developing country. Hence the search for less expensive methods. In this perspective, adsorption, which is an interesting technique for the removal of toxic and polluting substances, has been developed. This technique appears to be less expensive and increasingly uses natural or synthetic materials that are low cost and environmentally friendly, such as activated carbon, zeolites, clays, and some recycled or biomass-derived materials (Ake, 2022; Ake et al., 2025). 
The effectiveness of clays in adsorbing organic and inorganic substances from aqueous solutions has been reported in several studies (Sei et al., 2002; Dable et al., 2008; Errais, 2011; Kedi et al., 2021, Pierre et al., 2021; Ake, 2022; Kouadio, 2023; Kouakou et al., 2023; Ake et al., 2025). The use of clays is mainly due to its chemical properties (catalysis, adsorption and absorption of various ions and molecules), its textural properties (small particle size) (Velde, 1992), its layered structure and the negative charge of its particles. But also, to its natural abundance, its low acquisition cost and its non-toxic character (Coulibaly, 2013). 
Several studies have concerned the adsorption of cationic, anionic and neutral dyes on natural or modified clays (Errais, 2011; Bentahar, 2016; Kouakou et al., 2023). These studies have given satisfactory results. The clays used were of different origins and mineralogies. It would be interesting to use other types of clays in the field of dyeing wastewater treatment since, depending on the climate, the mineralogy of clays is variable (Tucker, 2009). It is in this context that this work is carried out, the main objective of which is to study the capacity of clays to adsorb methyl red contained in aqueous solutions.
2. MATERIAL AND METHODS
2.1 Origin of clay materials
The clay samples used in this study are designated KAT 2 and KOR respectively (Ake, 2022; Ake et al., 2022). They were collected from different regions of Côte d’Ivoire and dried in the shade for several days. After drying, their mineralogical, textural and physicochemical characteristics were determined by different methods during the thesis of Ake (2022). The KAT 2 clay sample was collected from the locality of Katiola (8°08’22 North and 5°37’42 West) located in the center-north of Côte d’Ivoire. Concerning the KOR clay sample, it was collected from the locality of Korhogo (9°27’28 North and 5°37’46 West) located in the north of Côte d’Ivoire. Fig. 1 show the images of the clay samples in their natural state.
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Fig. 1. Images of clay samples KAT2 (a) and KOR (b) 
2.2 Chemical treatment of the studied clays
After collection, the clay blocks were transported in nylon bags without any chemical treatment. They were then dried in the shade for several weeks at room temperature (303 K). Their mineralogical, textural and physicochemical characteristics were determined by different methods (Ake, 2022; Ake et al., 2025). The fine clay fractions of the samples were also collected by sedimentation and chemically treated with Na+ and Mg2+ cations. The method of extraction of the fine clay fractions and their chemical treatments with Na+ and Mg2+ cations have been described previously (Ake, 2022; Ake et al., 2025). The fine clay fractions, untreated (unmodified clays) and chemically treated (modified clays), were used for the tests. They are denoted KAT2, KAT2-Na, KAT2-Mg, KOR, KOR-Na and KOR-Mg (Fig. 2).
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Fig. 2. Natural and modified clays used in adsorption tests 

2.3 Methyl red adsorption tests 

2.3.1 Preparation of synthetic methyl red solutions
During this work, a quantity of clay is brought into contact with a synthetic methyl red solution at 20 mg/L. This concentration was chosen to be as close as possible to the concentrations in industrial waste (Trifi, 2012). The synthetic solution was prepared by diluting a stock solution 5 times, itself obtained by dissolving 0.2 g of solid methyl red in 2 L of distilled water (100 mg/L solution). Methyl red is a colored pH indicator. In acid form, methyl red is positively charged and its ions are red at pH below 4.4. In its basic form, methyl red is negatively charged and its ions are yellow above pH 6.2. Finally, the ions are orange between pH 4.4 and 6.2 (Kouakou et al., 2023). Solid methyl red was provided by Scharlau. Its characteristics are shown in Table 1.
Table 1. Characteristics of methyl red (Kouadio et al., 2022)
	Chemical structure
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	Chemical formula
	C15H15N3O2

	Molar mass
	269.31 g/mol

	Solubility in water 
	0.1 g/L

	Maximum wavelength
	pH 4.4
	523 – 526 nm

	
	pH 6.2
	427 – 437 nm


2.3.2 Methyl red adsorption tests

The experimental method used is the closed reactor technique (batch system). Parameters such as contact time, clay mass, pH of the medium, temperature and initial methyl red concentration were studied; this made it possible to know the operating conditions of the methyl red adsorption reaction by clay. The tests relating to the study of contact time were carried out by varying from 0 to 3 hours at room temperature (303 K), the stirring time of the clay-synthetic solution mixture of methyl red at 20 mg/L and pH 6.4. Each mixture contained 40 mg of clay. 
During the study of the influence of mass, clay masses varying from 5 to 80 mg were added to the synthetic solutions of methyl red at 20 mg/L and pH 6.4. The mixtures obtained were stirred for 1 hour at room temperature (303 K). A mass of 40 mg of clay was required for each test. 
To verify the influence of the pH of the medium, the tests were carried out by varying the pH of the synthetic methyl red solutions (from pH 2 to pH 10) by adding a decimolar solution of hydrochloric acid HCℓ or sodium hydroxide NaOH. 40 mg of clay was added to each synthetic solution and the mixtures obtained were then stirred for 1 hour at room temperature (303 K). 
For the temperature, the values 293 K, 303 K, 313 K and 323 K were chosen during the stirring of the clay-synthetic methyl red solution mixtures at 20 mg/L and pH 6.4. A mass of 40 mg of clay was added to each synthetic solution. 
Regarding the influence of the initial methyl red concentration, the values 5, 10, 20, 40, 80 and 100 mg/L were chosen. A mass of 40 mg of clay was added to each synthetic solution and the mixtures were then stirred for 1 hour at room temperature (303 K). After stirring the clay/synthetic methyl red solution mixtures, the solid phases were separated from the liquid phases by centrifugation for 30 minutes at 4500 rpm using an EBA 200 centrifuge. The collected liquid phases were analyzed using a spectrophotometer (HACH LANGE DR 3900) at a wavelength of 428 nm to determine the residual methyl red concentration. A previously plotted calibration curve served as a reference. The amount of methyl red adsorbed (qe) and the removal efficiency (R) were determined using the following expressions:
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Where C0 is the initial concentration of the methyl red solution (mg/L), Ce is the concentration of the methyl red solution at equilibrium (mg/L), V is the volume of the solution (L) and m is the mass of the adsorbent (g).
3. RESULTS AND DISCUSSION 
3.1 Mineralogical, textural and physicochemical characteristics of the clay samples
Table 2 and 3 show respectively the results of the elemental chemical analysis and some physicochemical characteristics of the clay samples in their natural state. 

Table 2. Major element composition of the clay samples in their natural state (expressed as % by mass of oxide)

	Sample
	SiO2
	Al2O3
	Fe2O3
	K2O
	MgO
	TiO2
	Na2O
	MnO
	CaO
	loss on fire

	KAT 2
	34,31
	14,59
	7,94
	1,77
	1,47
	0,89
	0,36
	0,03
	0,46
	5,70

	KOR
	35,31
	20,71
	8,22
	0,33
	0,23
	1,52
	0,13
	0,04
	0,12
	11,44


The data in Table II shows that the clay materials studied contain relatively high levels of silica SiO2, alumina Aℓ2O3 and ferric oxide Fe2O3. The relatively high levels of these major oxides reveal that the levels of phyllosilicate minerals and quartz would be significant in the clay materials studied. 

Table 3. Mineral phase proportions, specific surface areas and pH at the point of zero charge of natural clay samples (Ake et al., 2025)

	Sample
	KAT 2
	KOR

	Mineral phases and theoretical porportions
	Kaolinite (22.35 %) 

Illite (15 %) 

Smectite (20.90 %) 

Quartz (17.14 %) 
	Kaolinite (49.71 %) 

Illite (2.80 %)

Goethite (9.14 %)

Quartz (10.93 %)

Rutile (1.52 %)

	specific surface area (m2/g)
	40.61
	40.45

	pHPZC
	6.25
	6.30


The results in Table III indicate that the studied clay materials are composed of various mineral phases and that their mineralogical percentages are different. Overall, the identified minerals are illite, kaolinite, smectites, goethite, rutile and quartz. The analyses also show that the studied clays have relatively large specific surface areas with values greater than 40 m2/g. These characteristics are favorable for adsorption studies (Vassilis & Stavros, 2006; Ake et al., 2025). The pH at the point of zero charge (pHPZC) of KAT2 and KOR clays are 6.25 and 6.30, respectively. These pHPZC values reveal that the clays studied have different surface charge characteristics (Fabien, 2008; Kouakou et al., 2023; Ake et al., 2025).
3.2 Study of factors related to the adsorption of methyl red

The influence of contact time, clay mass, pH of the medium, temperature and initial concentration of methyl red was studied in order to determine the operating conditions of the adsorption reaction. 
3.2.1 Study of the effect of contact time

The study of the effect of contact time gave the curves in Fig. 3.
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Fig. 3. Effect of contact time on the adsorption of methyl red. a) KAT2 sample; b) KOR sample
The curves show that the adsorption of methyl red increases sharply during the first 30 minutes of contact. Beyond 30 minutes, the amount of methyl red adsorbed becomes increasingly low and the curves show a pseudo-plateau. However, the KAT2-Mg and KOR-Mg samples show a slight decrease in adsorption between 30 and 60 minutes of contact followed by the pseudo-plateau. Furthermore, the equilibrium time can be estimated at approximately 30 minutes for all the samples studied.

3.2.2 Study of the effect of the clay mass

The study of the influence of the clay mass gave Fig. 4 and Table 4.
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Fig. 4. Effect of clay mass on the adsorption of methyl red. a) KAT2 sample; b) KOR sample
Table 4. Efficiency and adsorption capacity as a function of clay mass

	masse (mg)
	5
	10
	20
	40
	60
	80

	KAT 2
	R (%)
	7.83
	13.85
	15.14
	15.61
	19.12
	23.15

	
	qe (mg/g)
	3.1296
	2.7685
	1.5139
	0.7801
	0.6374
	0.5787

	KAT 2-Na
	R (%)
	6.39
	10.42
	4.63
	2.6
	4.26
	5.98

	
	qe (mg/g)
	2.5554
	2.0833
	0.463
	0.1297
	0.142
	0.1493

	KAT 2-Mg
	R (%)
	9.77
	19.31
	29.17
	44.91
	69.54
	91.86

	
	qe (mg/g)
	3.9074
	3.8611
	2.9167
	2.2454
	2.3179
	2.2963

	KOR
	R (%)
	4.77
	8.71
	16.76
	29.87
	46.9
	62.55

	
	qe (mg/g)
	1.9074
	1.7407
	1.6759
	1.4931
	1.5633
	1.5637

	KOR-Na
	R (%)
	6.3
	8.06
	10.33
	17.37
	25.51
	33.06

	
	qe (mg/g)
	2.5184
	1.6111
	1.0324
	0.8681
	0.8503
	0.8264

	KOR-Mg
	R (%)
	3.8
	6.58
	9.73
	13.52
	22.55
	29.26

	
	qe (mg/g)
	1.5184
	1.3148
	0.9723
	0.676
	0.7516
	0.7315


According to the results obtained, the adsorption capacity decreases as the mass of clay used increases up to 40 mg Beyond this mass, the adsorption capacity of the samples is practically constant However, the adsorption rate of methyl red increases in parallel with the mass of clay used.

3.2.3 Study of the effect of the pH of the medium

The study of the influence of the pH of the medium made it possible to obtain Fig. 5.
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Fig. 5. Effect of pH of the medium on the removal efficiency of methyl red. a) KAT2 sample; b) KOR sample
Between pH 2 and pH 4, the curves of the KAT2-Mg, KOR, KOR-Na and KOR-Mg samples show a plateau followed by a decrease in the adsorption efficiency of methyl red beyond pH 4. On the other hand, the results obtained for the KAT2 and KAT2-Na samples reveal that the adsorption efficiency of methyl red decreases progressively as the pH increases. But, beyond pH 8, the adsorption rate of the dye is negative for all the samples. The results also show that the lower the pH of the medium, the greater the quantity of methyl red fixed on the clays and the maximum is reached at pH 2.

3.2.4 Study of the effect of temperature

The study of the effect of temperature on adsorption gave the curves in Fig. 6.
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Fig. 6. Effect of temperature on the adsorption of methyl red. a) KAT2 sample; b) KOR sample

For the KAT2-Mg, KOR-Na and KOR-Mg samples, the adsorption of methyl red decreases between 298 K and 303 K followed by an increase in the amount of adsorbed methyl red beyond 303 K. However, the curve for the KOR sample shows a decrease in the amount of adsorbed methyl red between 298 K and 313 K followed by an increase beyond 313 K. For the KAT2 and KAT2-Na samples, the amount of adsorbed methyl red increases with temperature.

3.2.5 Study of the effect of the initial concentration of methyl red 
The study of the influence of the initial concentration of methyl red gave the following results (Fig. 7).
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Fig. 7. Effect of the initial methyl red concentration on the adsorption efficiency. a) KAT2 sample; b) KOR sample
The results show that the adsorption efficiency of methyl red increases progressively with the initial methyl red concentration. However, a pseudo-plateau is observed beyond 80 mg/L for the KAT2 and KAT2-Mg samples. The curves of the magnesium-saturated samples are above those of the other samples.

DISCUSSION
When studying the contact time effect, the phase of strong increase in adsorption capacity reveals the availability of abundant active sites on the surface of the clays (Kifuani et al., 2018; Ake, 2022; Kouadio, 2023). The results obtained beyond 30 minutes of contact show that adsorption continues but weakly until the saturation of the clays corresponding to the pseudo-plateaus. The decrease observed between 30 and 60 minutes of contact may be due to a more or less significant release of the dye adsorbed in solution; which is characteristic of a desorption of the dye fixed on the clays. 

Concerning the study of the effect of the mass of clay, the increase in adsorption efficiency could be explained by the increase in the number of active sites available with the addition of clays in increasing quantity. The decrease in adsorption capacity seems to be due to the decrease in the liquid/solid ratio, at constant volume of adsorbate and increasing quantity of adsorbent; which leaves many sites unoccupied during the adsorption process and therefore a reduction in adsorption capacity. This result is corroborated by several research works (Olu-Owolabi et al., 2010; Taha et al., 2017; Kouadio, 2023).
The influence of pH effect on adsorption showed that in acidic medium, the amount of methyl red adsorbed was high. This observation could be explained by the fact that in acidic medium and above pHPZC, positive charges (hydroxylated sites ≡Si–OH2+ and ≡Aℓ–OH2+) are dominant on the surface of clays (Ake, 2022). Thus, an electrostatic attraction takes place between the positively charged clay surface and the anionic form of methyl red. This result is in agreement with those obtained by (Isa et al., 2007; Yue et al., 2007; Errais, 2011; Kouakou et al., 2023). The adsorption efficiency at pH 2 was also reported in this work. As the pH increases, there is deprotonation of the hydroxyl sites; this creates neutral charges and then the negative charges gradually settle on the surface of the clay (sites ≡Si–O- and ≡Aℓ–O-). Thus, the decrease in the adsorption efficiency of methyl red, when the pH increases and, beyond the pHPZC, would be due to a repulsive electrostatic interaction which develops between the negatively charged surface of the clays and the molecules of methyl red. Moreover, in basic medium, the dominant OH- hydroxyl ions could compete with the dye molecules in occupying the adsorption sites. Beyond pH 8, the negative adsorption rate could correspond to a more or less significant release of the molecules of methyl red; which would have increased its concentration in solution. A release of ferric ions Fe3+ contained in clays could also occur since certain phases very rich in iron, contained in clays are extractable (Sei et al., 2003). These ionic species, by associating with hydroxide ions OH-, give iron III hydroxide, Fe(OH)3 of yellow-brown color according to the following reaction
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The color of iron III hydroxide therefore seems to influence the absorbance measurement.

The decrease in the amount of methyl red adsorbed when the temperature increases shows that the adsorption reaction is exothermic. On the other hand, the increase in the amount of methyl red adsorbed with temperature would be an endothermic phenomenon. 

The results of the study of the effect of the initial concentration of methyl red show that the adsorption of methyl red on clay is influenced by the initial concentration of the dye. Indeed, the more the initial concentration of methyl red increases, a unit mass of clay is exposed to a significant quantity of dye molecules. In addition, the increase in the initial concentration of methyl red further strengthens the clay-dye interaction. Consequently, the amount of dye adsorbed per unit mass of clay increases (Bhattacharyya & Gupta, 2007; El-Wakil et al., 2014). The observed plateau could correspond to the saturation of the clay.

3.3 First-order kinetic model

The first-order kinetic model proposed by Lagergren has the rate law:

[image: image12.wmf]1

.()

t

et

dq

kqq

dt

=-

                                                                                                      Eq. 4
The integrated form of the equation (Eq.4) is : 
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Where k1 is the pseudo first-order rate constant (min-1); qe is the amount of substance adsorbed at equilibrium per gram of adsorbent (mg/g); qt is the amount of substance adsorbed at any time per gram of adsorbent (mg/g) and t is the adsorbent-adsorbate contact time (min). 

The plot of the ln(qe - qt) graph as a function of time (Fig. 8) allows the k1 and qe parameters of Table 5 to be evaluated. 
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Fig. 8. Graphical representation of ln(qe - qt) as a function of time. a) KAT2 sample ; b) KOR sample
Table 5. First-order kinetic parameters
	
	KAT2
	KAT2-Na
	KAT2-Mg
	KOR
	KOR-Na
	KOR-Mg

	qe, exp (mg/g)
	1.083
	0.484
	2.678
	1.852
	1.329
	1.623

	qe, th (mg/g)
	0.707
	0.306
	0.715
	0.438
	0.607
	0.758

	K1 (min-1)
	0.019
	0.011
	0.006
	0.005
	0.013
	0.009

	R2
	0.743
	0.169
	0.196
	0.059
	0.481
	0.417


According to the results, the amount of methyl red adsorbed at equilibrium, obtained by calculation (qe, th), is small compared to the amount of methyl red adsorbed at equilibrium obtained experimentally (qe, exp). In addition, the correlation coefficients are low and significantly less than 1. 

3.4 Second-order kinetic model

This kinetics model was developed by Ho and Mckay (1998). The rate law for this model is defined by:
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The integrated form of the equation (Eq.6) is : 
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Where k2 is the pseudo-second-order rate constant (g/mol.min).
The graphical representation of (t/qt) as a function of time (Fig. 9) allows us to evaluate the parameters k2 and qe in table 6.
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Fig. 9. Graphical representation of (t/qt ) as a function of time (t). a) KAT2 sample; b) KOR sample
Table 6. Second-order kinetics parameters

	
	KAT2
	KAT2-Na
	KAT2-Mg
	KOR
	KOR-Na
	KOR-Mg

	qe, exp (mg/g)
	1.083
	0.484
	2.678
	1.852
	1.329
	1.623

	qe, th (mg/g)
	1.069
	0.357
	2.295
	1.929
	1.234
	1.481

	K2 (g/mg.min)
	0.136
	0.948
	0.685
	0.095
	0.273
	0.111

	R2
	0.990
	0.919
	0.999
	0.996
	0.986
	0.989


According to the results, the quantity of methyl red adsorbed at equilibrium obtained by calculation (qe, th), is substantially equal to the quantity of methyl red adsorbed at equilibrium obtained experimentally (qe, exp). Moreover, the correlation coefficients are close to unity (1). The results also show that the magnesium-saturated samples adsorb more methyl red compared to those saturated with sodium. The natural KOR sample adsorbs more methyl red compared to the KOR-Mg and KOR-Na samples; which is not the case for the natural KAT2 sample and its derivatives. The values of qe, exp also reveal that the natural KOR sample adsorbs more methyl red compared to the natural KAT2 sample. 

3.5 Intraparticle diffusion model

The intraparticle diffusion model based on the theory proposed by Weber and Morris, has a linear expression (Srivastava et al., 2006):
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Where kd is the intraparticle diffusion constant (mg/g.min1/2), and C is a constant representing the thickness of the diffusion boundary layer (mg/g). 

The plot of the qt graph as a function of t1/2 (Fig. 10) allows the kd and C parameters of Table 7 to be evaluated.
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Fig. 10. Graphical representation of qt as a function of t1/2
Table 7. Parameters of the intraparticle diffusion model

	
	KAT2
	KAT2-Na
	KAT2-Mg
	KOR
	KOR-Na
	KOR-Mg

	qe, exp (mg/g)
	1.083
	0.484
	2.678
	1.852
	1.329
	1.623

	C1 (mg/g)
	0.308
	0.459
	0.504
	0.151
	0.065
	0.864

	Kd1 (g/ mg.min)
	0.249
	0.171
	0.392
	0.381
	0.255
	0.476

	R2
	0.980
	0.999
	0.994
	0.915
	0.999
	0.899

	C2 (mg/g)
	1.068
	0.577
	2.826
	1.760
	1.378
	1.586

	Kd2 (g/mg.min)
	0.005
	0.018
	0.046
	0.006
	0.015
	0.016

	R2
	0.077
	0.571
	0.713
	0.089
	0.254
	0.189


The plots of qt as a function of t1/2 show two linear regions. The straight lines in each region do not pass through the origin of the reference frame. Furthermore, the intraparticle diffusion constants (Kd1 and Kd2) shown in Table 7 show that the diffusion rate of the phase located in the first 30 minutes of contact (t1/2 = 5.477 min1/2) is higher than that of the second phase

3.6 Thermodynamic aspect of adsorption

Thermodynamic parameters such as free enthalpy ΔG, enthalpy variation ΔH and entropy variation ΔS, were obtained from the study of the influence of temperature. The following expressions were used to evaluate these parameters (Pierre et al., 2021; Ake, 2022) :
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Where ΔG is the free enthalpy (kJ/mol); ΔH is the enthalpy variation (kJ/mol); ΔS is the entropy variation (J/mol.K); R is the universal gas constant (R = 8.314 J. /mol.K); T is the temperature (K); Kd is the distribution constant (L/g). 

The plot of the ln(Kd) graph as a function of (1/T) (Fig. 11) allows the thermodynamic parameters ΔH, ΔS and ΔG to be deduced from Table 8. 
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Fig. 11. Graphical representation of ln(Kd) as a function of (1/T). a) KAT2 sample ; b) KOR sample
Table 8. Thermodynamic parameters

	
	T (K)
	KAT 2
	KAT 2-Na
	KAT 2-Mg
	KOR
	KOR-Na
	KOR-Mg

	ΔG (kJ/mol) 
	293
	-15.498
	-3.65
	-14.853
	-10.589
	-8.13
	-13.438

	
	303
	-16.193
	-4.178
	-15.21
	-10.501
	-8.407
	-13.723

	
	313
	-16.888
	-4.706
	-15.568
	-10.412
	-8.684
	-14.007

	
	323
	-17.583
	-5.233
	-15.926
	-10.324
	-8.962
	-14.292

	ΔH (kJ/mol) 
	4.862
	11.814
	-4.37
	-13.178
	-0.559
	-5.102

	ΔS (J/mol.K) 
	69.488
	52.777
	35.775
	-8.838
	27.744
	28.45


For all samples, the free enthalpy values ΔG are negative and decrease as the temperature increases. The enthalpy variation values ΔH are positive for the KAT2 and KAT2-Na samples and negative for the KAT2-Mg, KOR, KOR-Na and KOR-Mg samples. In addition, the ΔH values are lower than 40 KJ/mol. The entropy variation values ΔS are positive for the KAT2, KAT2-Na, KAT2-Mg, KOR-Na and KOR-Mg samples. On the other hand, the value obtained for the KOR sample is negative.
The application of the first-order kinetic model to the experiments gave low correlation coefficients; which shows that the adsorption does not apply to the first-order kinetic model. On the other hand, for the second-order kinetic model, the high correlation coefficients close to unity reveal that the adsorption can be described by a second-order kinetic model. 

The magnesium-saturated samples that adsorb more methyl red compared to those saturated with sodium seem to be due to the valence of the saturating cation and its degree of hydration. This observation was previously made by Pierre et al. (2021); Ake (2022) when they used the same samples to adsorb phosphates. 

The modification of the KOR sample does not seem to have improved its performance. However, the natural KOR clay adsorbs more methyl red compared to the natural KAT2 clay; This observation could be linked to the presence of goethite (iron compound) and rutile (titanium oxide TiO2) in the KOR clay. Indeed, Trifi (2012) showed that the higher the quantities of TiO2 and Fe2+ in the adsorbent, the greater the discoloration of methyl red. The KOR sample, which is richer in clay fraction with a diameter < 2 µm (67 %), adsorbs more than the KAT2 sample containing approximately 36 % of clay fraction with a diameter < 2 µm (Pierre et al. 2021; Ake et al., 2022; Ake, 2022). Therefore, the importance of the clay fraction could also increase the adsorption efficiency of methyl red by clays. 

The thermodynamic study gave negative values of free enthalpy ΔG; which reveals that the adsorption reaction is spontaneous and this spontaneity increases with temperature. The positive ΔH enthalpy variation values of the KAT2 and KAT2-Na samples show that their adsorption reactions are endothermic. For the KAT2-Mg, KOR, KOR-Na and KOR-Mg samples, the negative ΔH enthalpy variations reveal that their adsorption reactions are exothermic. Furthermore, the ΔH enthalpy variation values which are less than 40 KJ/mol indicate that this is a physisorption or physical adsorption which is characterized by its rapidity, its reversibility, the low energy bonds and the formation of multilayers (Hamouche, 2013; Ake, 2022). This confirms the rapid adsorption of the first 30 minutes of contact and the desorption observed. The positive values of entropy variations ΔS of the samples KAT2, KAT2-Na, KAT2-Mg, KOR-Na, and KOR-Mg show that disorder occurs at the solid-liquid interface during the reaction. On the other hand, the negative value of this quantity for the KOR sample is relative to an adsorption reaction where there is order at the solid-liquid interface.

4.CONCLUSION
This work aimed to study the capacity of clays to remove methyl red from aqueous solutions. The clays used come from two localities in Côte d’Ivoire. These clays, noted KAT 2 and KOR, were previously characterized by different methods; which allowed us to know their mineralogy and physicochemical properties. The clay fractions of the natural and modified samples were put in contact with synthetic solutions of methyl red. Adsorption tests revealed that the adsorption capacity increases sharply during the first 30 minutes of contact followed by a progressive saturation of the clays. Equilibrium is reached after 30 minutes. The adsorption reaction is described by a second-order kinetic model and influenced by temperature. The adsorption capacity decreases with increasing pH of the medium and is maximal around pH 2. It increases with the mass of clay, the initial concentration of methyl red, the valence of the saturating cation and its degree of hydration, the content of iron compounds and titanium oxide TiO2 and the importance of the clay fraction with a diameter < 2 µm. The thermodynamic study showed that this is a spontaneous physical adsorption. 

For future studies, it is planned to carry out the adsorption of methyl red from natural effluents on various raw and iron-modified clays.
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