



Study of the influence of some ions on the adsorption of methyl red on clay materials from Côte d’Ivoire
ABSTRACT
Industrial units in the food, textile, and paper industries located along waterways discharge, without primary treatment, their liquid effluents containing various types of dyes that are toxic, potentially carcinogenic, and highly dangerous for humans and the environment. Effective treatment of these liquid effluents before discharge is necessary to protect the environment and water resources.This work is part of this research, whose objective is to examine the ability of clay materials to adsorb methyl red, taking into account the impact of various ions that may be present in the dye solution. To this end, clays collected in Côte d'Ivoire were stripped of impurities and placed in contact with synthetic methyl red solutions containing varying amounts of H3O+, OH-, Cu2+, Fe2+, Fe3+, Pb2+, and Zn2+ ions. The results revealed that the adsorption efficiency of methyl red was significant during the first 30 minutes of contact, followed by stabilization. The reaction time to reach equilibrium can be estimated at 30 minutes.The adsorption reaction follows a second-order kinetic model. The adsorption efficiency was high (R < 90 %) at pH 2, followed by a decrease as the pH increased. The presence of metal cations in solution enhances the adsorption of methyl red. The optimal metal cation concentration in solution for improved adsorption can be estimated at 0.01 mol/L.
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1. INTRODUCTION
Pollution is the destruction or degradation of an ecosystem or the biosphere through the introduction, generally by humans, of entities (physical, chemical, or biological) or radiation that alter the functioning of that ecosystem (Crini & Lichtfouse, 2018). Pollution has harmful effects on the health of living beings and the biosphere (Yao et al., 2009; Adingra & Kouassi, 2011; Crini & Lichtfouse, 2018). Indeed, pollution exposes living beings to pollutants, to climate change which is transforming the Earth's climate and ecosystems, and to diseases previously unknown in some populations; this causes migrations of certain animal species, or even their extinction if they cannot adapt to their new biophysical environment (Yao et al., 2009; Adingra & Kouassi, 2011; Keumean et al., 2013). The various types of pollutants (trace metals, dyes, polluting chemical and biological compounds, etc.) in the environment originate from the chemical, petrochemical, pharmaceutical, food processing, textile, and paper industries, as well as from agricultural, domestic and artisanal activities (Soro et al., 2009; Yao et al., 2009; Adingra & Kouassi, 2011; Keumean et al., 2013; Crini & Lichtfouse, 2018). Furthermore, food processing and textile industrial units located along rivers, streams, lagoons, etc. These companies discharge their liquid effluents without adequate treatment, which frequently contain various types of toxic dyes (Romdhane et al., 2020), potentially carcinogenic, and highly dangerous to humans (Khan & Malik, 2014; Manzoor & Sharma, 2020) and the environment (De Castro-Catalo et al., 2016; Mazhar et al., 2018; Schreiber et al., 2018). Effective treatment of these liquid effluents before discharge is essential to protect the environment and water resources (Crini & Lichtfouse, 2018). In fact, wastewater treatment remains insufficient, posing a high risk to public health and the environment (Adingra & Kouassi, 2011). Increasingly, the scientific community is focusing its attention on the treatment of dye-enriched effluents.
In the context of the removal of dyes from effluents, coagulation-flocculation, electrocoagulation, ozonation, reverse osmosis, advanced oxidation, adsorption, and membrane filtration processes have been extensively studied (Harvey et al. 2002; Chen, 2004; Forgacs et al. 2004; Anjaneyulu et al. 2005; Crini & Badot 2007; Hai et al., 2007; Muthuraman & Teng, 2009; Barakat, 2011; Trifi, 2012; Morin-Crini & Crini 2017; Kouadio et al., 2022; Kouakou et al., 2023). However, some of these methods have drawbacks related to process complexity and/or high cost; This has led to a focus on simpler and less expensive processes. Adsorption, a particularly promising technique for removing toxic and/or polluting substances, has thus been developed (Tawfik & Akram, 2017). Indeed, this technique increasingly utilizes geological resources, certain less expensive and environmentally friendly natural or synthetic materials such as activated carbon, zeolites, clays, and certain recycled or biomass-derived materials (Kouadio et al., 2022; Ake et al., 2025a; 2025b). This study, which examines the capacity of natural and modified clays to adsorb methyl red, takes into account the influence of the various ions present in the dye solution.

2. MATERIALS AND METHODS
2.1 Origin of the Clay Raw Material

The clay materials used in the adsorption tests are designated KAT2 and KOR (Ake et al., 2022). They were collected from two locations in Côte d’Ivoire and were used in the work of Pierre et al. (2022) to treat synthetic phosphate solutions. KAT2 clay originates from the locality of Katiola, located in north-central Côte d’Ivoire at 8°08’22 North and 5°37’42 West. KOR clay comes from the locality of Korhogo, located in northern Côte d’Ivoire at 9°27’28 North and 5°37’46 West. Fig. 1 shows images of the clay samples in their natural state, ground, and sieved to 100 µm.
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Fig. 1. Images of raw KAT2 (a) and KOR (b) clay samples (Ake et al., 2025b)

2.2 Physicochemical Characteristics of the Clay Raw Material

After sampling, the clay raw materials were transported in nylon bags without any chemical or thermal treatment. In the laboratory, they were dried in the shade for several days at a temperature of 303 K. The mineralogical, textural, and physicochemical characteristics of the dried clays were determined using various techniques, as follows:

· X-ray diffraction (XRD) of the clays was performed using a Bruker D8 Advance diffractometer operating at a wavelength of λ = 1.7903 Å (cobalt Kα line);
· Elemental chemical analysis was performed using X-ray fluorescence with a SPECTRO X – LabPro X-ray fluorescence (XRF) spectrometer connected to a computer. This technique allowed for the determination of the chemical elements constituting the clay raw materials;
· The theoretical proportions of the mineral phases were evaluated using the formula developed by Njopwouo (Coulibaly, 2013; Coulibaly et al., 2014) and Yvon et al., 1990. The following relationship is applied to each element (a):
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                                                                                                                         Eq. 1
Where: T(a): content (%) of element a in the material;

Mi : content (%) of mineral i in the material;

Pi(a): proportion of element a in mineral i.

· The specific surface area of the clay samples was determined using the BET (Brunauer, Emmet, and Teller) method via nitrogen adsorption at 77 K. The protocol is described in the works of Konan et al. (2010); Coulibaly (2013); Coulibaly et al. (2014);

· To determine the pH at the zero charge point (pHPZC), tests were carried out according to the method proposed by Crini & Badot (2007) and Lopez-Ramon et al. (1999). The experimental protocol is described in the previous study by Ake et al. (2025a);

· Infrared spectra were acquired in the mid-infrared range (400 cm-1 and 4000 cm-1) using a Bruker Fourier Transform Infrared (FTIR) spectrometer.

2.3 Extraction of the clay fraction from the samples and treatment with Na⁺ and Mg²⁺ cations

After drying, clay blocks were crumbled, crushed, ground, and sieved through a 100 µm sieve. The fine clay fractions were then extracted from the samples by sedimentation and chemically treated with Na⁺ and Mg²⁺ cations. The method for extracting the fine clay fractions and their chemical treatment with sodium (Na⁺) and magnesium (Mg²⁺) cations are described in the works of Ake (2022) and Ake et al. (2025a). These fine clay fractions, untreated (unmodified clays) and chemically treated (modified clays), were used for the tests. They are labeled KAT2 (unsaturated KAT2 clay), KAT2-Na (Na+ saturated KAT2 clay), KAT2-Mg (Mg2+ saturated KAT2 clay), KOR (unsaturated KOR clay), KOR-Na (Na+ saturated KOR clay), and KOR-Mg (Mg2+ saturated KOR clay). Fig. 2 shows the clay suspensions obtained.
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Fig. 2. Untreated and chemically treated clays with Na+ and Mg2+ cations

2.4 Methyl red adsorption tests

2.4.1 Preparation of Synthetic Methyl Red Solutions

The synthetic solution was prepared by diluting a stock solution five times. This stock solution was obtained by dissolving 0.1 g of solid methyl red in 1 L of distilled water (100 mg/L solution). The solid methyl red, C15H15N3O2, with a molar mass of 269.31 g/mol, was obtained from the Scharlau laboratory.
Methyl red, or 4-dimethylamino-2-phenylazobenzoic acid, is a pH indicator. It is an anionic dye belonging to the azo dye family (Errais, 2011; Tawfik & Akram, 2017; Trifi, 2012; Kouadio et al., 2022). In its acidic form, methyl red is positively charged (+) and denoted RM+; the ions are red at pH levels below 4.4. In its basic form, methyl red is negatively charged (-) and denoted RM-; the ions are yellow above pH 6.2. Finally, its ions are orange between pH 4.4 and 6.2. Some characteristics of methyl red are listed in Table 1.

Table 1. Some characteristics of methyl red (Trifi, 2012; Kouadio et al., 2022; Ake et al., 2025b)
	Chemical structure
	[image: image4.png]COOH





	Chemical formula
	C15H15N3O2

	Molar mass
	269.31 g/mol

	Solubility in water
	0.1 g/L

	Solubility in alcohol
	2 g/L

	Maximum wavelength
	pH 4.4
	523 – 526 nm

	
	pH 6.2
	427 – 437 nm


2.4.2. Methyl red adsorption tests

The experimental method consisted of contacting a quantity of clay with a synthetic methyl red solution at 20 mg/L, resulting in a 10 mL mixture. The 20 mg/L concentration was chosen to closely match the concentrations found in industrial wastewater (Trifi, 2012; Ake et al., 2025b). Parameters such as contact time, pH, and the impact of metal ions (Cu2+, Fe2+, Zn2+, Pb2+ and Fe3+) present in the dye solution were investigated.

Regarding the contact time, the mixing duration of the clay/synthetic methyl red solution mixture (20 mg/L) at pH 6.2 was varied from 0 to 3 hours at a temperature of 301 K. Each mixture contained 60 mg of clay.

To study the influence of the pH of the medium, tests were carried out by varying the pH of synthetic methyl red solutions (from pH 2 to pH 11) by adding a 10 M solution of hydrochloric acid (HCl) or sodium hydroxide (NaOH). 60 mg of clay was added to each synthetic solution at 20 mg/L, and the resulting mixtures were then stirred for 60 minutes at a temperature of 301 K.

To assess the impact of metal ions present in the dye solution, 60 mg of clay were brought into contact with a synthetic methyl red solution at 20 mg/L. Each solution contained varying amounts of metal cations (molar concentration between 0 and 0.05 mol/L): Cu²⁺, Fe²⁺, Zn²⁺, Pb²⁺ and Fe³⁺. These added ions were respectively derived from copper(II) sulfate pentahydrate, with the formula CuSO4, 5H2O; ammonium iron(II) sulfate hexahydrate, with the formula (NH4)2Fe(SO4)2, 6H2O; anhydrous zinc chloride, with the formula ZnCl2; lead(II) nitrate, with the formula Pb(NO3)2; and hydrated iron(III) sulfate, with the formula Fe2(SO4)3, nH2O. The clay/synthetic solution mixtures were stirred for 60 minutes at a temperature of 301 K.
After stirring the clay/synthetic methyl red solution mixtures, the liquid phases were separated from the solid phases by centrifugation for 30 minutes at 4500 rpm. The liquid phases (supernatants) were analyzed by spectrophotometry at a wavelength of 428 nm to determine the residual methyl red concentration. The EBA 200 and HACH LANGE DR 3900 instruments were used for the centrifuge and spectrophotometer, respectively.

A calibration curve was previously plotted and used as a reference to determine the residual concentration. The amount of methyl red adsorbed (qe) and the adsorption efficiency (R) were calculated using the expressions in the works of Gercel (2007), Igberase et al. (2014), Chouchane et al. (2016); Pierre et al., (2021); Kouadio et al., (2024); Majigsuren et al., (2024). These expressions are as follows:
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Where C0 is the initial concentration of the methyl red solution (mg/L), Ce is the equilibrium concentration of the methyl red solution (mg/L), V is the volume of the solution (L), and m is the mass of clay (g).

3. RESULTS AND DISCUSSION
3.1. Mineralogical, Textural, and Physicochemical Characteristics of the Clays Used
· Mineralogical Analysis

X-ray diffraction analysis of the raw clays yielded the spectra shown in Fig. 3.
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Fig. 3. X-ray diffraction spectra of raw clays. a) KAT 2 clay; b) KOR clay

The spectrum in Fig. 3a shows that KAT2 clay is composed of smectites (line at 7.23°), illite (line at 10.29°; 20.67°; 53.30°), kaolinite (line at 14.35°; 23.13°; 28.99°), quartz (line at 24.29°; 31.08°; 46.20°; 49.76°; 58.99°) and rutile (peak at 32.57°; 42.74°). The spectrum in Fig. 3b reveals that KOR clay contains kaolinite (line at 14.34°; 23.17°; 29.00°), illite (line at 53.36°), goethite (line at 24.79°; 40.88°), quartz (line at 24.27°; 31.05°; 46.16°; 49.71°; 58.86°) and rutile (line at 42.70°).
· Chemical Analysis

The results of the elemental chemical analysis are shown in Table 2.

Table 2. Major element composition of the studied clay samples (mass % of oxide)
	Sample
	SiO2
	Al2O3
	Fe2O3
	K2O
	MgO
	TiO2
	Na2O
	MnO
	CaO
	Weight loss

	KAT 2
	44.31
	14.59
	7.94
	1.89
	1.47
	0.89
	0.36
	0.03
	0.46
	5.70

	KOR
	45.31
	20.71
	1.70
	0.33
	0.23
	1.52
	0.13
	0.04
	0.12
	11.44


The results of the chemical analysis reveal that the studied clays contain various chemical elements, with relatively high levels of silica (SiO2), alumina (Aℓ2O3), and ferric oxide (Fe2O3). The relatively high levels of these major oxides indicate that phyllosilicate minerals and quartz are the dominant minerals in these clays. Furthermore, the presence of various chemical elements in these clays demonstrates their ability to trap other chemical elements and substances.

· Phase proportions and some physicochemical characteristics

The theoretical compositions of the mineral phases, specific surface areas, and pH at the zero-charge point of the raw clay samples are recorded in Table 3.

Table 3. Mineral-phase proportions, specific surface areas and pHPZC values of raw KAT2 and KOR clays
	Echantillon
	KAT 2
	KOR

	Mineral-phases proportions
	Kaolinite (22.35 %) 

Illite (15.00 %)

Smectite (20.90 %) 

Quartz (27.14 %) 

Rutile (1 %)
	Kaolinite (49.71 %) 

Illite (2.80 %)

Goethite (9.14 %)

Quartz (20.93 %)

Rutile (1.52 %)

	Specific surface area (m2/g)
	40.61
	40.45

	pHPZC
	6.25
	6.30


The results in Table 3 indicate that the clays studied contain various mineral phases with different mineralogical percentages. Both clays are rich in kaolinite. However, clay KAT2 contains relatively large amounts of smectite (20.90 %) and illite (15.00 %), totaling 35.90 % of minerals 1/2, while clay KOR contains approximately 9.14 % goethite (an iron compound) and 2.80 % of minerals 1/2. Furthermore, the total mineralogical composition of these clays does not reach 100 %. This difference can be attributed to amorphous compounds not identified by X-ray diffraction. The relatively large specific surface areas are greater than 40 m²/g. These relatively large specific surface areas and the identified mineral phases indicate that the clays studied possess characteristics favorable for adsorption studies (Vassilis & Stavros, 2006; Ake et al., 2025a). Indeed, the higher the specific surface area, the better the clays' adsorption capacity (Sei et al., 2002; Coulibaly et al., 2014). The pH at the zero charge point (pHPZC) of KAT2 and KOR clays is 6.25 and 6.30, respectively, indicating that the pHPZC of these clays is slightly acidic. These pHPZC values indicate that the studied clays exhibit different surface charge characteristics (Fabien, 2008; Kouakou et al., 2023; Ake et al., 2025a). Thus, they will preferentially adsorb negatively charged species in acidic media, and positively charged species in basic media.

· Infrared (IR) Spectroscopy

The infrared (IR) spectra of the KAT2 and KOR clay samples are shown in Fig. 4.
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Fig. 4: Infrared spectra of raw clays. a) KAT 2 sample; b) KOR sample
In the 3500-4000 cm-1 range, the KAT2 and KOR samples exhibit three bands related to the valence vibrations of the Al2OH group in kaolinite (Coulibaly et al., 2014). The band centered at 3620 cm-1 is attributed to the stretching vibration of the mid-plane hydroxyl groups (OH), which are internal hydroxyl groups bonded to aluminum (Konan et al., 2010). These OH groups are present in both 1:1 minerals (kaolinite) and 2:1 minerals (illite) (Coulibaly et al., 2014). The bands at 3650 and 3692 cm-1 correspond to the stretching vibrations of the hydroxyl groups (OH) located in the interlayer space, which are external hydroxyl groups (Coulibaly et al., 2014). The low intensity of the band at 3692 cm-1 indicates that the platelets of these clays have low crystallinity (Bich et al., 2009; Konan et al., 2010). In the 700-1800 cm-1 range, vibrations of the SiO4 tetrahedron, strain vibrations of the hydroxyl groups (OH), and vibrations of adsorbed water occur. The medium-intensity bands at 684, 750, and 790 cm-1 are specific to kaolinite clays and correspond to the stretching vibrations of Si–O–Al bonds and hydroxyl groups (OH) perpendicular to the surface (Coulibaly et al., 2014; Konan et al., 2010). Furthermore, the bands at 750 cm-1 and 790 cm-1 are used to assess the crystallinity and degree of disorder of kaolinite (Russell & Fraser, 1994). When kaolinite is well-crystallized, these two bands are of equal intensity. For these two clay samples, the difference in intensity of these bands is not large, suggesting that this clay sample is moderately ordered. The strain vibration of the internal hydroxyl groups of the aluminous layer (Al–OH) is observed at 910 cm-1. The band at 1638 cm-1 of the KAT 2 sample is attributed to the vibrational deformation of the hydroxyl OH of the adsorbed water (Gezahegn et al., 2014; Gourouza et al., 2013; Hajjaji et al., 2001; Qlihaa et al., 2016). The intense bands at 999, 1001, 1024, and 1113 cm-1 are related to Si-O bond stretching vibrations. The bands observed at 425-460 and 530 cm-1 correspond respectively to Si–O bond strain vibrations and Si–O–Al bond strain vibrations (Al in a tetrahedral site for KAT 2 clay and Al in an octahedral site for KOR clay) (Konan et al., 2010; Zibouche et al., 2013).
3.2. Kinetic study of methyl red adsorption

3.2.1. Influence of contact time

The study of the influence of contact time on the adsorption of methyl red onto clays yielded the curves shown in Fig. 5.
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Fig. 5: Study of the effect of contact time on the adsorption efficiency of methyl red. a) KAT2 samples; b) KOR samples

The curves exhibit two phases. The first phase occurs within the first 30 minutes of contact, where the curves show a rapid increase in the adsorption efficiency of methyl red. The second phase occurs after 30 minutes of contact, where the curves indicate a stabilization of the adsorption efficiency of methyl red. This stabilization is characterized by saturation plateaus. In Fig. 5a, the curve for the KAT2-Mg sample is higher than those of the other samples. In Fig. 5b, the curve for the unmodified KOR sample is higher than those of the other samples. Furthermore, the KOR-Mg sample curve shows a slight decrease in adsorption efficiency between 30 and 60 minutes of contact, followed by a plateau. The contact time to reach equilibrium can be estimated at 30 minutes. At this point, the methyl red adsorption efficiencies are 43.88 %, 35.29 %, 63.75 %, 54.89 %, 47.40 %, and 51.61 % for the KAT2, KAT2-Na, KAT2-Mg, KOR, KOR-Na, and KOR-Mg samples, respectively.
3.2.2. Application of the first order kinetics model

The first-order kinetic model proposed by Lagergren (Ho & McKay, 1998; Majdan et al., 2008) has the following rate law:
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Integrating equation Eq. 4 gives: 
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Where k1 is the 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 given 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 yielded the curves shown in Fig. 6. The parameters of this kinetic model are listed in Table 4.
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Fig. 6. Application of the first-order kinetic model to the experiments. a) KAT2 samples; b) KOR samples

Table 4. Parameters of the first order kinetic model

	
	qe,exp (mg/g)
	qe,th (mg/g)
	k1 (min-1)
	R2

	KAT2
	3.657
	0.623
	0.017
	0.782

	KAT2-Na
	2.941
	0.302
	0.010
	0.157

	KAT2-Mg
	5.312
	0.509
	0.008
	0.375

	KOR
	4.641
	0.468
	0.013
	0.316

	KOR-Na
	3.950
	0.501
	0.012
	0.466

	KOR-Mg
	4.301
	0.637
	0.007
	0.364


The curves in Fig. 6 show non-aligned experimental points. They do not obey the Lagergren equation (Eq. 5). At equilibrium, the experimentally obtained quantities of methyl red adsorbed (qe, exp) are high compared to those obtained theoretically (qe, th). According to Table 4, the correlation coefficients R² are low, and some are far from one (1).

3.2.3. Application of the Second-Order Kinetic Model

The second-order kinetic model was developed by Ho & McKay (1998). The rate law of this model is defined by:
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Integrating equation Eq. 6 leads to: 
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Where k2 is the second-order rate constant (g mg-1 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 given time per gram of adsorbent (mg/g), and t is the adsorbent-adsorbate contact time (min).

Plotting (t/qt) as a function of time allowed us to obtain the graphs in Fig. 7. The parameters of this kinetic model are listed in Table 5.
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Fig. 7. Application of the second-order kinetic model to the experiments. a) KAT2 samples; b) KOR samples

Table 5. Parameters of the pseudo-second-order kinetic model
	
	qe,exp (mg/g)
	qe,th (mg/g)
	k2 (min-1)
	R2

	KAT2
	3.657
	3.609
	0.236
	0.999

	KAT2-Na
	2.941
	2.772
	0.547
	0.999

	KAT2-Mg
	5.312
	5.102
	2.668
	0.999

	KOR
	4.641
	4.625
	0.142
	0.999

	KOR-Na
	3.950
	3.824
	0.424
	0.999

	KOR-Mg
	4.301
	4.078
	0.259
	0.999


The experimental points on the graphs in Fig. 7 are aligned and form straight lines passing through the origin. At equilibrium, the experimentally obtained quantities of methyl red adsorbed (qe,exp) are approximately equal to those obtained theoretically (qe,th). According to Table 6, the correlation coefficients R² are high and close to 1 (R2 ≈ 0.999).

3.2.4. Application of the intraparticle diffusion model

The intraparticle diffusion model is based on the theory proposed by Weber and Morris (Srivastava et al., 2006; Chouchane et al., 2016). This model uses the following expression:
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Where kd is the intraparticle diffusion constant (mg g-1 min⁻¹/²), and C is a constant representing the thickness of the diffusion boundary layer (mg/g).

The plotting of the graph qt as a function of t1/2 allowed us to obtain the curves shown in Fig. 8. The kinetic parameters of this model are given in Table 6.
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Fig. 8. Application of the intraparticle diffusion model to the experiments. a) KAT2 samples; b) KOR samples

Table 6. Parameters of the intraparticle diffusion model
	
	First step
	Second step

	
	k1d (mg/g.min-1/2)
	C1 (mg.g-1)
	k2d (mg/g.min-1/2)
	C2 (mg.g-1)

	KAT2
	0.2977
	1.9945
	0.0195
	3.0259

	KAT2-Na
	0.2049
	1.8141
	0.0195
	3.0259

	KAT2-Mg
	0.3668
	3.3296
	0.0193
	5.3309

	KOR
	0.4559
	2.1820
	0.0271
	4.2431

	KOR-Na
	0.3051
	2.2848
	0.0062
	3.8667

	KOR-Mg
	0.5684
	1.3310
	0.0236
	3.7643


Two linear phases are observed in the graphs of Fig. 8. The lines for each phase do not pass through the origin. Furthermore, the data in Table 6 reveal that the diffusion constants of the first step (k1d) are higher than those of the second step (k2d).

3.3. Study of the influence of some ions present in the dye solution

3.3.1. Influence of the pH of the medium

The curves in Fig. 9 present the results of the study of the effect of the pH of the medium on the adsorption efficiency of methyl red.
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Fig. 9. Study of the effect of pH on the adsorption efficiency of methyl red. a) KAT2 samples; b) KOR samples

The curves in Fig. 9a show that the adsorption efficiency of methyl red on clays decreases as the pH increases. However, the decrease is more pronounced between pH 2 and pH 6. This represents approximately 75 %. Furthermore, the curve for the KAT2-Mg sample is higher than those of the other samples. As for the curves in Fig. 9b, they show plateaus between pH 2 and pH 4, followed by a decrease in adsorption efficiency as the pH increases. However, the decrease in adsorption efficiency is significant between pH 4 and pH 6. This decrease can be estimated at approximately 50 %.

3.3.2. Study of the influence of copper (II) ions (Cu2+)

The study of the influence of copper (II) ions (Cu2+) on the adsorption efficiency of methyl red is shown in Fig. 10.
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Fig. 10. Study of the influence of Cu2+ ions on the adsorption efficiency of methyl red. a) KAT2 samples; b) KOR samples

The results reveal a significant increase in the adsorption efficiency of methyl red when the Cu2+ ion concentration in the dye solution is less than 0.01 mol/L. When the Cu2+ ion concentration is greater than 0.01 mol/L, the adsorption efficiency of methyl red on clays is practically constant. For a Cu2+ ion concentration of 0.01 mol/L, the adsorption efficiencies are 75.72 %, 72.14 %, 77.18 %, 72.94 %, 71.74 %, and 74.06 % for the KAT2, KAT2-Na, KAT2-Mg, KOR, KOR-Na, and KOR-Mg samples, respectively.
3.3.3. Study of the influence of ferrous ions (Fe2+)

The study of the influence of ferrous ions (Fe2+) on the adsorption efficiency of methyl red is shown in Fig. 11.
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Fig. 11. Study of the influence of Fe2+ ions on the adsorption efficiency of methyl red. a) KAT2 samples; b) KOR samples

The results show a significant increase in the adsorption efficiency of methyl red when the concentration of Fe2+ ions in the dye solution is less than 0.005 mol/L for the KAT2, KAT2-Na, KAT2-Mg and KOR-Mg samples, and less than 0.01 mol/L for the KOR and KOR-Na samples. When the Fe2+ ion concentration is above 0.005 mol/L and 0.01 mol/L, the adsorption efficiency is practically constant. Furthermore, the adsorption curve for KOR-Mg clay is higher than that of the other clays. For an Fe2+ ion concentration of 0.005 mol/L, the efficiencies are 97.46 %, 96.88 %, 95.32 %, and 91.17 % for the KAT2, KAT2-Na, KAT2-Mg, and KOR-Mg samples, respectively. When the Fe2+ ion concentration is 0.01 mol/L, the efficiencies are 78.44 % and 77.08 % for the KOR and KOR-Na samples, respectively.

3.3.4. Study of the influence of ferric ions (Fe3+)

The study of the influence of ferric ions (Fe3+) on the adsorption efficiency of methyl red is shown in Fig. 12.
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Fig. 12: Study of the influence of Fe3+ ions on the adsorption efficiency of methyl red. a) KAT2 samples; b) KOR samples

The results show a significant increase in the adsorption efficiency of methyl red on clays when the concentration of Fe3+ ions in the dye solution is less than 0.01 mol/L. When the concentration of Fe3+ ions is greater than 0.01 mol/L, a decrease in the adsorption efficiency is observed. For an Fe3+ ion concentration of 0.01 mol/L, the adsorption efficiencies are 75.46 %, 68.49 %, and 74.86 %. 75.19 %, 70.88 % and 69.09 % for samples KAT2, KAT2-Na, KAT2-Mg, KOR, KOR-Na and KOR-Mg, respectively.

3.3.5. Study of the influence of lead ions Pb2+
The study of the influence of lead ions Pb2+ on the methyl red adsorption efficiency is shown in Fig 13.
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Fig. 13. Study of the influence of lead ions Pb2+ on the adsorption efficiency of methyl red. a) KAT2 samples; b) KOR samples

The results reveal a significant increase in the adsorption efficiency of methyl red when the concentration of Pb2+ ions in the dye solution is less than 0.001 mol/L. Between 0.001 mol/L and 0.01 mol/L, the adsorption efficiency is practically constant. When the Pb2+ ion concentration is greater than 0.01 mol/L, a decrease in the adsorption efficiency of methyl red is observed. For a Pb2+ ion concentration of 0.001 mol/L, the adsorption efficiencies are 95.49 %; 95.02 %; 94.30 %; 94.23 %; 91.64 % and 92.64 % respectively for samples KAT2, KAT2-Na, KAT2-Mg, KOR, KOR-Na and KOR-Mg.

3.3.6. Study of the effect of the simultaneous presence of Cu2+, Fe2+, Fe3+, Pb2+ and Zn2+ ions in the dye solution

The study of the influence of the simultaneous presence of Cu2+, Fe2+, Fe3+, Pb2+, and Zn2+ ions on the adsorption efficiency of methyl red is shown in Fig. 14.
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Fig. 14. Study of the influence of the simultaneous presence of Cu2+, Fe2+, Pb2+ and Zn2+ ions on the adsorption efficiency. a) KAT2 samples; b) KOR samples

The results reveal a significant increase in the adsorption efficiency of methyl red on clays when the concentration of ions added to the dye solution is less than 0.001 mol/L. Above this value, the adsorption efficiency is practically constant for the KAT2, KAT2-Na, KAT2-Mg, KOR and KOR-Mg samples. In contrast, the curve for the KOR-Na sample shows a decrease in adsorption efficiency between 0.001 mol/L and 0.01 mol/L, followed by stabilization. When the concentration of added ions is 0.001 mol/L, the adsorption efficiencies are 90.82 %, 90.29 %, 90.58 %, and 84.78 %. 81.46 % and 81.58 % respectively for the KAT2, KAT2-Na, KAT2-Mg, KOR, KOR-Na and KOR-Mg samples.
DISCUSSION
This study involved contacting clays with methyl red, taking into account the influence of contact time and the various ions that may be present in the dye solution. When studying the influence of contact time, the phase of rapid increase in adsorption efficiency could be explained by the availability of a large number of adsorption sites (Pierre et al., 2021; Kouadio, 2023; Kouakou et al., 2023). The stabilization phase beyond 30 minutes of contact shows a progressive saturation of the clay adsorption sites. This observation was previously made by Pierre et al. (2021) and Ake et al. (2025b), who used the same clay materials to treat phosphorus and methyl red solutions. The observed decrease between 30 and 60 minutes of contact appears to be linked to the desorption of certain methyl red molecules retained by the clays. Indeed, in the previous study by Ake et al. (2025b), it was shown that the reaction was a physical adsorption characterized by its speed, reversibility and the formation of weak bonds. These weak bonds could break with vigorous stirring, releasing some methyl red fmolecules into solution. The first order, second order, and intraparticle diffusion kinetics models were applied to the experiments. The correlation coefficients R2 obtained for the second order model were close to one. In contrast, for the first order model, the correlation coefficients R2 were low and close to zero. These results suggest that the adsorption of methyl red by clays is described by a second order kinetic model. These results corroborate those obtained by Tawfik & Akram (2017), Kouakou et al. (2023) and Ake et al. (2025b). The application of the intraparticulate diffusion model yielded linear curves, demonstrating that intraparticulate diffusion is also involved in the adsorption process. According to Coulibaly (2014) and Fayoud et al. (2015), when several linearities are revealed by the intraparticulate diffusion model, at least two steps are involved in the adsorption process, which is consistent with the results obtained. Indeed, adsorption tests reveal two steps in the adsorption process. The first step occurs in the region where the lines have steep slopes (Fig. 8). This can be attributed to the instantaneous adsorption step (Bouberka et al., 2005; Coulibaly, 2014; Fayoud et al., 2015). The second step corresponds to the region where the lines have gentle slopes (Fig. 8). This is attributable to the progressive or gradual adsorption step (Bouberka et al., 2005; Coulibaly, 2014; Fayoud et al., 2015). It also appears to be the rate-limiting step of the adsorption mechanism. Furthermore, the higher diffusion rate constants of the first step (k1d) compared to those of the second step (k2d) indicate that methyl red molecules initially bind to the external surface of the clays at a high rate. Once the external surfaces are saturated, the methyl red molecules diffuse into the pores and ultimately bind to the internal surfaces of the adsorbent. During diffusion, some friction may occur between the methyl red molecules, leading to a decrease in the reaction rate. This observation was previously made by Ake (2022) during the adsorption of phosphates onto these same clays.
Regarding the study of the effect of pH on adsorption, the adsorption efficiency of methyl red was significant between pH 2 and pH 4. This result can be explained by the fact that in acidic media and below pHpzc, positive charges (hydroxylated sites ≡Si-OH2+ and ≡Al-OH2+) are predominant on the clay surface. Thus, an electrostatic attraction occurs between the positively charged clay surface and the anionic form of methyl red. Previous studies by Isa et al. (2007), Yue et al. (2009), Kouakou et al. (2023) and Ake et al. (2025b) yielded similar results, as did the adsorption efficiency of methyl red at pH 2. The decrease in methyl red adsorption efficiency as pH increases and then at pH > pHpzc, appears to be linked to a repulsive electrostatic interaction between the negatively charged clay surface and the methyl red molecules. In fact, as the pH of the medium increases, there is deprotonation of surface hydroxyl sites, creating neutral charges and then negative charges that gradually accumulate on the clay surface (≡Si-O- and ≡Al-O- sites) (Kouadio, 2023; Ake et al., 2025b). Thus, the loss of surface hydroxyl groups is detrimental to methyl red adsorption. Furthermore, in basic media, hydroxyl ions (OH-), which are predominant in solution, appear to compete with methyl red molecules for adsorption site occupancy. The decrease in the adsorption efficiency of methyl red by clays with increasing pH was also reported by Kouakou et al. (2023) and Ake et al. (2025b).
A study of the influence of several ions (Cu2+, Fe2+, Fe3+, Pb2+, Zn2+) present in the dye solution showed a significant increase in the adsorption efficiency of methyl red with increasing ion concentrations up to 0.001 mol/L for lead and 0.01 mol/L for the other cations, followed by stabilization. The presence of these cations in the dye solution appears to promote the binding of methyl red, thus improving the adsorption of this dye. Indeed, these metallic cations in solution must have previously bound to the clays in order to reduce the negative character of the surface potential and create cationic bridges (Soltner, 1992; Dubus, 1997; Ake, 2022; Ake et al., 2025a). These bridges would have increased the number of clay adsorption sites, the strength of the electrostatic attraction of the adsorbing surface, and consequently, the adsorption rate of methyl red. The stabilization observed beyond 0.001 mol/L for lead and 0.01 mol/L for the other cations suggests that the optimal concentration of metallic cation required for improved methyl red adsorption would be at these concentration values. 

The observed decrease in adsorption for certain metal ions could be attributed to the desorption of some methyl red molecules bound to the clay surface. Furthermore, the improvement in adsorption occurs in the descending order of the following cations: Pb2+ > Fe2+ > Cu2+ > Fe3+; that is, in the descending order of ionic radius, since the radius of the different ions are 1.20 Å; 0.78 Å; 0.73 Å and 0.645 Å for Pb2+, Fe2+, Cu2+ and Fe3+ ions, respectively. 
This study also showed that magnesium-saturated samples (KAT2-Mg and KOR-Mg) adsorb more methyl red than sodium-saturated samples (KAT2-Na and KOR-Na). This observation is thought to be related to the valence of the saturating cation and its degree of hydration, an observation previously made by Pierre et al. (2021) during the adsorption of phosphates onto these same clays. Furthermore, unmodified KOR clay adsorbs more methyl red than unmodified KAT2 clay. The performance of KOR clay is likely linked to the goethite (FeOOH, an iron compound) and rutile (TiO2, a titanium dioxide) present in this clay. Indeed, the work of Trifi (2012) and Ake et al. (2025b) revealed that the higher the quantities of TiO2 and iron (II) ions (Fe2+), the greater the decolorization of methyl red.
CONCLUSION
This work aimed to examine the capacity of clay materials to adsorb methyl red, taking into account the impact of the various ions present in the dye solution. During the study, two clays from Ivory Coast were chosen. They were purified and saturated with Na+ and Mg2+ ions.
Purified clays saturated with cations were used for the tests. The tests consisted of contacting the clays with a synthetic methyl red solution. The influence of contact time, pH, and the presence of metal ions such as Cu2+, Fe2+, Fe3+, Pb2+, and Zn2+ in the dye solution was examined. Adsorption tests showed that the adsorption efficiency of methyl red on the clays increases rapidly and is significant during the first 30 minutes of contact, followed by stabilization. The contact time to reach equilibrium can be estimated at 30 minutes. The adsorption reaction can be described by a second-order kinetic model involving intraparticle diffusion. The adsorption efficiency of methyl red is high (efficiency R > 90 %) at pH 2 and decreases as the pH increases. The adsorption of methyl red onto clays appears to be unfavorable in a basic environment. The presence of metallic cations such as Cu2+, Fe2+, Fe3+, Pb2+ and Zn2+ in solution improves the adsorption efficiency of methyl red by more than 50 %. The optimal concentration of metallic cations that can be present in the dye solution and are likely to improve its adsorption efficiency is approximately 0.01 mol/L.

This work opens up possibilities for:

- the treatment of natural effluents with clays modified with iron or lead;

- the production of clay-activated carbon composites for wastewater treatment.
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