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Use of clays materials from northern Côte d’Ivoire for the adsorption of thymol blue in aqueous solution 

ABSTRACT

Water contamination by dyes and related organic substances creates a need for effective treatment methods. This study investigated the adsorption of thymol blue from aqueous solution by clay materials collected from Bondoukou (BON) and Korhogo (KOR) in northern Côte d’Ivoire. Natural clay fractions and fractions saturated with sodium or calcium ions were characterised using mineralogical, chemical and textural analyses. Batch experiments examined contact time, adsorbent mass, solution pH, temperature and initial dye concentration. The raw BON and KOR clays had specific surface areas of 41.35 and 40.45 m²/g, respectively, and kaolinite was their dominant mineral phase. Thymol blue adsorption increased rapidly during the first 30 minutes and approached equilibrium after approximately 40 minutes. At 40 minutes, adsorption efficiencies ranged from 57.42% for untreated BON to 80.11% for calcium-saturated KOR. The highest efficiencies were observed at pH 2, with lower adsorption at higher pH values. Adsorption generally increased with clay mass and initial dye concentration, while calcium-saturated clays performed better than the corresponding untreated and sodium-saturated materials. The pseudo-second-order model described the kinetic data more closely than the pseudo-first-order model, with coefficients of determination ranging from 0.996 to 0.999. The reported thermodynamic parameters were consistent with spontaneous, endothermic adsorption. These findings indicate that the studied clays warrant further evaluation as adsorbents for thymol blue in contaminated aqueous media.
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1. INTRODUCTION

The various uses of water resources by humans produce significant quantities of wastewater, which most often contains trace metals, dyes (Romdhane et al., 2020), nutrients such as nitrogen and phosphorus (Ake et al., 2021; Kouadio, 2023; Ake et al., 2025b) and other chemical and biological pollutants (Crini & Lichtfouse, 2018). This wastewater is fluently discharged into the environment without proper treatment. This situation poses a serious problem to human health, aquatic life, and the environment in general (Crini & Lichtfouse, 2018; Kouadio, 2023). Most of the dyes originate from the agro-food, textile, cosmetics, and paper industries. The various types of dyes contained in liquid effluents are toxic (Romdhane et al., 2020), potentially carcinogenic, and dangerous to humans (Khan & Malik, 2014; Manzoor & Sharma, 2020) and the environment (de Castro-Català et al., 2016 ; Abbas et al., 2018 ). Effective treatment of these liquid effluents before discharge is essential; this measure will protect the environment and water resources. 
Several processes have been developed for the removal of dyes from liquid effluents. These include coagulation-flocculation, electrocoagulation, ozonation, reverse osmosis, advanced oxidation processes, adsorption, and membrane filtration (D. L. Kouadio et al., 2022; Kouakou et al., 2023 ; Ake et al., 2025a). However, some methods have drawbacks due to process complexity and/or high cost; this is driving research towards less complex and less expensive processes that could be used by developing countries. 
Adsorption is one such process. Indeed, adsorption is a technique for removing toxic and/or polluting substances. It offers advantages such as efficiency, flexibility, and simplicity. Furthermore, this technique increasingly utilizes geological resources and natural or synthetic materials that respect environmental preservation. These include activated carbons, zeolites, clays, and certain recycled or biomass-derived materials (L. M. Kouadio et al., 2022; Kouadio, 2023; Ake et al., 2025a; Ake et al., 2025b). This study, which examines the capacity of clays to adsorb thymol blue from aqueous solutions, falls within this framework, with the aim of utilizing clays in the domain of contaminated water treatment.

2. MATERIAL AND METHODS
2.1 Origin of the clay raw material

The clay materials used for the adsorption tests are labeled BON and KOR (Kouadio, 2023; Ake et al., 2022). They were collected from two locations in Côte d'Ivoire and used in the work of Kouadio (2023). Sample BON was collected from the town of Bondoukou, located in northeastern Côte d'Ivoire, at geographic coordinates 8°02’23 North and 2°47’54 West. Sample KOR was collected from the town of Korhogo, located in northern Côte d'Ivoire, at geographic coordinates 9°27’28 North and 5°37’46 West. Fig. 1 shows the raw, ground and sieved clay samples.



Fig.1. Images of clay samples BON (a) and KOR (b) in their raw state

2.2 Physicochemical Characteristics of the Clay Raw Material

After collection, the clay sample blocks were transported to the laboratory in nylon bags without chemical or thermal treatment, where they were air-dried for several days at a temperature of 303 K. The mineralogical, textural, and physicochemical characteristics of the dried clay samples were determined using X-ray diffraction (XRD), X-ray fluorescence (XRF), Brunauer–Emmett–Teller (BET) surface-area measurements, point-of-zero-charge (pHPZC) measurements and scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDS).
X-ray diffraction (XRD) was performed with a BRUKER D8 ADVANCE diffractometer using Co-Kα radiation at a wavelength of λ = 1.7903 Å. 
X-ray fluorescence (XRF) was performed with a SPECTRO X – LabPro X-ray fluorescence spectrometer connected to a computer. This technique allowed us to determine the major elemental composition of the clay samples.
The theoretical proportions of the mineral phases were estimated using the relationship proposed by Njopwouo (Coulibaly et al., 2014) and Yvon et al. (1990):


                                                                                                                         Eq. 1

Where T(a) is the content (%) of element a in the material, Mi is the content (%) of mineral i in the material, and Pi(a) is  proportion of element a in mineral i.

Specific surface area was determined by the BET (Brunauer, Emmet, and Teller) method using nitrogen as a probe molecule (Coulibaly et al., 2014 ; Coulibaly et al., 2018).
The pHPZC was determined according to the procedure described by López-Ramón et al. (1999) and Crini and Badot (2007), following the experimental protocol reported previously by Ake et al. (2025b).
Mineral morphology was examined with a Zeiss Supra 40 VP Variable Pressure Scanning Electron Microscope (VSE). This instrument is equipped with an X-ray detector (OXFORD Instruments) connected to an EDS microanalyzer platform (Inca Dry Cool, without liquid nitrogen). Approximately 5 mg of sample was used for observation.
Regarding infrared analysis, the spectra were obtained in the mid-infrared domain (wave numbers between 400 cm-1 and 4000 cm-1) using a Bruker Fourier Transformed Infra Red (FTIR) spectrometer. 

2.3 Extraction of the clay fraction from the samples and treatment with Na+ and Ca2+ cations

The dried clay blocks were crumbled, crushed, ground, and sieved. The fine clay fractions were collected by sedimentation and treated chemically with sodium-ion (Na+) and calcium-ion (Ca2+) according to previously reported procedures (Kouadio, 2023; Ake et al., 2025b). These chemically treated fractions (modified clays) and untreated fractions (unmodified clays) were used in the present study. They are designed BON (unmodified BON sample), BON-Na (sodium-treated BON sample), BON-Ca (calcium-treated BON sample), KOR (unmodified KOR sample), KOR-Na (sodium-treated KOR sample), and KOR-Ca (calcium-treated KOR sample). Fig. 2 shows the samples used for the adsorption tests.



Fig. 2. Untreated clays (BON and KOR), sodium ion (Na+) satured clays (BON-Na, KOR-Na) and calcium ion (Ca2+) satured clays (BON-Ca, KOR-Ca)

2.4 Thymol blue adsorption tests
2.4.1 Preparation of synthetic thymol blue solutions

During the tests, a quantity of clay was brought into contact with a synthetic thymol blue solution at a concentration of 10 mg/L. The synthetic thymol blue solution was prepared by diluting a stock solution 40 times, which was itself obtained by dissolving 0.2 g of solid thymol blue in 500 mL of a decimolar sodium hydroxide (NaOH) (solution at 400 mg/L). Solid thymol blue (C27H30O5S), with a molar mass of 466.589 g/mol, was acquired from the LabKem laboratory.
Thymol blue, or thymolsulfonephthalein, is a dye in the sulfonephthalein family used as a pH indicator. This substance is slightly soluble in water but very soluble in alcohol and alkaline solutions. It exhibits two color transition ranges and three color variations in aqueous solution. At a pH of 1.2-2.8, the solution is red. Between pH 2.8 and pH 8, the solution is yellow. Above pH 8, the solution is blue. The main physiochemical characteristics of thymol blue used in this study are summarized in Table 1.

Table 1. Main physiochemical characteristics of thymol blue

	Chemical structure
	

	Chemical formula
	C27H30O5S

	Molar mass
	466.60 g/mol

	Solubility in water at 298 K
	0.11 g/L



2.4.2 Thymol blue adsorption procedure

Adsorption experiments were performed in a closed batch reactor under mechanical stirring. Parameters such as contact time, clay mass, pH of the medium, temperature, and initial thymol blue concentration were studied to determine the optimal conditions for thymol blue adsorption by clays.
For the contact time study, the reaction time was varied from 0 to 120 minutes at 301 K, initial thymol blue concentration of 10 mg/L and pH 6.5. Each mixture contained 80 mg of clay.
During the study of the influence of mass, clay masses ranging from 40 to 90 mg were added to the synthetic thymol blue solutions at 10 mg/L and pH 6.5. The resulting mixtures were stirred for 40 minutes at a temperature of 301 K.
To verify the influence of the pH of the medium, tests were carried out by varying the pH of synthetic thymol blue solutions at 10 mg/L by adding a decimolar solution of hydrochloric acid (HCl) or sodium hydroxide (NaOH). The pH of the solutions ranged from pH 2 to pH 10. 80 mg of clay was added to each synthetic solution, and the resulting mixtures were then stirred for 40 minutes at a temperature of 301 K.
For temperature, the values 283 K, 293 K, 303 K, 313 K and 323 K were selected during the 40-minute stirring of the clay-synthetic thymol blue solution mixtures at 10 mg/L and pH 6.5. 80 mg of clay was added to each synthetic solution.
Regarding the influence of the initial thymol blue concentration, the values 5, 10, 20, 40, 60, 80, and 100 mg/L were selected. 80 mg of clay was added to each synthetic solution, and the mixtures were then stirred for 40 minutes at 301 K.
After stirring the clay/synthetic thymol blue 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 432 nm to determine the residual concentration of thymol blue. 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 thymol blue adsorbed (qe) and the adsorption efficiency (R) were estimated using the expressions from several works (Gerçel & Gerçel, 2007 ; Igberase et al., 2014 ; Chouchane et al., 2016 ; Kouadio et al., 2024 ; Majigsuren et al., 2024 ; Ake et al., 2025a; Ake et al., 2025b). These expressions are as follows:


                                                                                                                  Eq. 2

                                                                                                                Eq. 3

Where C0 is the initial concentration of the thymol blue solution (mg/L), Ce is the concentration of the thymol blue solution at equilibrium (mg/L), V is the volume of the solution (L), and m is the mass of the clay sample (g).

3. RESULTS AND DISCUSSION
3.1 Mineralogical, textural and physicochemical characteristics of the clay samples

The results of the chemical analysis of the raw BON and KOR clays are given in Table 2. The data are expressed as mass % of oxide.

Table 2. Major element composition of the studied clay samples (mass % of oxide)

	Sample
	SiO2
	Al2O3
	SiO2 /Al2O3
	Fe2O3
	K2O
	MgO
	TiO2
	Na2O
	CaO
	Weight loss

	BON
	47.20
	25.19
	1.87
	3.00
	1.97
	0.37
	0.32
	0.24
	0.09
	10.13

	KOR
	45.31
	20.71
	2.19
	8.22
	0.33
	0.23
	1.52
	0.13
	0.12
	11.44



The data in Table 2 reveal that each clay sample contains relatively large amounts of silica (SiO2), alumina (Al2O3), and ferric oxide (Fe2O3). The relatively high levels of these major oxides indicate that phyllosilicate minerals and quartz are likely present in these clays. The SiO2/Al2O3 mass ratios of BON and KOR samples are 1.87 and 2.19, respectively. These ratios are slightly higher than that of pure kaolinites which is 1.18 (Soro, 2003 ; Lecomte-Nana et al., 2013), and pure kaolins which is 1.1 (Konan, 2006 ; Laibi et al., 2017). This difference could suggest the presence of free silica in these clays. The weight loss of 10.13 % for BON and 11.44 % for KOR are close to the theoretical weight loss of kaolinites which is 14 % (Eslinger & Pevear, 1988 ; Quantin et al., 1988 ; Delvaux et al., 1990). This result demontrates that BON and KOR samples are consisted of hydrated clay minerals containing structural and adsorbed water.
X-ray diffraction patterns of BON and KOR samples are shown in Fig. 3.




Fig. 3. X-ray diffraction patterns of BON sample (a) and KOR sample (b)

The spectra in Fig. 3 indicate that BON and KOR samples are consisted of kaolinite (lines at 14.38°, 23.16° Å and 29.04°), illite (lines at 10.33°, 20.71° and 53.46° Å), goethite (lines at 24.91° and 40.93°), and quartz (lines at 24.32°, 31.09° Å, 46.23°, 49.70° and 58.92°). In addition, KOR sample contains rutile (line at 42.68°).
Table 3 presents the mineral-phase proportions, specific surface areas and pHPZC values of raw BON and KOR clays.

Table 3. Mineral-phase proportions, specific surface areas and pHPZC values of raw BON and KOR clays.

	Sample
	BON
	KOR

	Mineral-phases proportions 
	Kaolinite (47.55 %) 
Illite (16.69 %)
Goethite (3.34 %)
Quartz (17.51 %)
	Kaolinite (49.71 %) 
Illite (2.80 %)
Goethite (9.14 %)
Quartz (20.93 %)
Rutile (1.52 %)

	Specific surface areas (m2/g)
	41.35
	40.45

	pHPZC
	6.90
	6.30



The data in Table 3 reveal that BON and KOR clays contain several mineral phases, but their relative proportions differ. The minerals phases identified are illite, kaolinite, goethite, rutile, and quartz. Kaolinite is the dominant phase in both samples, whereas KOR sample contains more goethite and rutile. 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 (Coulibaly et al., 2014). The specific surface areas of BON and KOR clays are greater than 40 m2/g (41.35 m2/g for BON and 40.45 m2/g for KOR). These relatively large specific surface areas and the mineral phases identified suggest that BON and KOR clays possess characteristics favorable for adsorption studies (Inglezakis & Poulopoulos, 2006 ; Ake et al., 2025b). Indeed, the higher the specific surface area, the better the clays' adsorption capacity (Sei et al., 2002 ; Coulibaly et al., 2014). The pHPZC of the BON and KOR clays are 6.90 and 6.30, respectively. The clays studied have slightly acidic pHPZC values. These pHPZC values indicate that the clays studied exhibit different surface charge characteristics (Hubert, 2008 ; Kouakou et al., 2023; Tchonrontcha et al., 2024; Ake et al., 2025b). These surface characteristics will serve as a basis for interpreting the pH dependence of thymol blue adsorption.
Fig. 4 shows the morphology of raw BON and KOR samples.



Fig. 4. SEM images of the BON (a) and KOR (b) clay samples in their natural state.

SEM image of the BON sample (Fig. 4a) shows predominantly hexagonal platelet like particles characteristic of kaolinites (Ake et al., 2022), with stacked particles forming aggregates. SEM image of the KOR sample (Fig. 4b) exhibits a more heterogeneous morphology with larger pores and irregularly shaped mineral particles. These differences morphologies may contribute to a distinct adsorption behaviour.
The infrared spectra of the BON and KOR samples are presented in Fig. 5. 




Fig. 5. Infrared spectra of raw clays from 400 cm-1 to 4000 cm-1. a) BON sample; b) KOR sample

Infrared spectra of raw clays the BON and KOR samples are similar and exhibit practically the same vibration bands. In the 3500-4000 cm-1 range, the BON and KOR samples exhibit three bands related to the valence vibrations of the Aℓ2OH group in kaolinite (Coulibaly et al., 2014 ; Tkachenko & Niedzielski, 2022). 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 ; Bukalo et al., 2017). These OH groups are present in both 1:1 minerals (kaolinite) and 2:1 minerals (illite) (Coulibaly et al., 2014 ; Tkachenko & Niedzielski, 2022). The bands at 3650 and 3689-3692 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 ; Bukalo et al., 2017 ; Tkachenko & Niedzielski, 2022). The low intensity of the band at 3689-3692 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 (Bukalo et al., 2017). The medium-intensity bands at 684, 749-750, and 788-790 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 (Konan et al., 2010 ; Coulibaly et al., 2014 ; Tkachenko & Niedzielski, 2022). Furthermore, the bands at 749-750 cm-1 and 788-790 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 909-910 cm-1. The intense bands at 1000, 1001, 1024, 1025 and 1113 cm-1 are related to Si-O bond stretching vibrations (Bukalo et al., 2017 ; Tkachenko & Niedzielski, 2022). The bands observed at 418, 424, 460 and 528 cm-1 correspond respectively to Si–O bond strain vibrations and Si–O–Aℓ bond strain vibrations (Aℓ in an octahedral site for KOR clay) (Konan et al., 2010; Zibouche et al., 2013).

3.2 Effects of experimental parameters on thymol blue adsorption

The effects of contact time, clay mass, solution pH, temperature and initial thymol blue concentration were evaluated to determine the principal parameters controlling adsorption.

3.2.1 Study of the effect of contact time

The contact time profiles are presented in Fig. 6.

 

Fig. 6. Thymol blue adsorption efficiency as function of contact time. (a) BON samples; (b) KOR samples

The curves in Fig. 6 show that thymol blue adsorption efficiency increased rapidly during the first 30 minutes. This phase is followed by a decrease in efficiency between 30 and 40 minutes. Beyond 40 minutes, the thymol blue adsorption efficiency appears to stabilize. The contact time required to reach equilibrium can be estimated at 40 minutes. At 40 minutes, the adsorption efficiencies are 57.42 %, 60.32 %, 70.22 %, 67.20 %, 66.99 %, and 80.11 % for the BON, BON-Na, BON-Ca, KOR, KOR-Na, and KOR-Ca samples, respectively. Furthermore, the curves for the BON-Ca and KOR-Ca samples are higher than those for the other samples.

3.2.2 Study of the effect of clay mass

The curves in Fig. 7 represent the results of the study of the effect of clay mass on thymol blue adsorption efficiency.



Fig. 7: Evolution of thymol blue adsorption efficiency as a function of clay mass. (a) BON samples; (b) KOR samples

The curves in Fig. 7 show an increase in thymol blue adsorption efficiency with increasing clay mass. However, the evolution curves for the BON-Na and KOR samples show a decrease in adsorption efficiency beyond 80 mg of clay, while those for the KOR-Na and KOR-Ca samples show a stabilization of adsorption efficiency beyond 60 mg and 70 mg of clay, respectively. Furthermore, the evolution curves for the BON-Ca and KOR-Ca samples are higher than those of the other samples when the clay mass present exceeds 50 mg for BON-Ca and 65 mg for KOR-Ca.

3.2.3 Study of the effect of medium pH

The results of the study on the influence of medium pH on thymol blue adsorption efficiency are represented by the curves in Fig. 8.



Fig. 8. Evolution of thymol blue adsorption efficiency as a function of pH. (a) BON samples; 
(b) KOR samples

The curves in Fig. 8 show that the thymol blue adsorption efficiency by clays decreases as the pH increases. Thus, the thymol blue adsorption efficiency is highest at pH 2, where the adsorption rate is between 80 % and 90 %. Furthermore, the evolution curves for the BON-Ca and KOR-Ca samples are significantly higher than those of the other samples.

3.2.4 Study of the effect of temperature

The curves in Fig. 9 represent the results of the study of the effect of temperature on thymol blue adsorption efficiency.



Fig. 9. Evolution of thymol blue adsorption efficiency as a function of temperature. (a) BON samples; (b) KOR Samples

The evolution curves for the BON, BON-Na, BON-Ca, KOR, and KOR-Na samples indicate that the thymol blue adsorption efficiency increases with temperature. However, above 303 K, the BON-Ca sample curve shows a decrease in adsorption efficiency, while the BON and BON-Na samples show a stabilization of adsorption efficiency. Over the temperature range studied, the KOR-Ca sample curve is practically constant. Furthermore, the curves for the BON-Ca and KOR-Ca samples are higher than those of the other samples.

3.2.5 Study of the effect of initial thymol blue concentration

The study of the influence of the initial thymol blue concentration on the adsorption of this dye allowed us to obtain the curves in Fig. 10.



Fig. 10. Evolution of thymol blue adsorption efficiency as a function of the initial thymol blue concentration. (a) BON samples; (b) KOR samples

The curves in Fig. 10 show a rapid increase in the thymol blue adsorption efficiency with the initial concentration of this dye up to 20 mg/L. Above this value, the thymol blue adsorption efficiency appears to be stable. At 20 mg/L, the thymol blue adsorption efficiencies are 71.29 %; 70.38 %; 76.56 %; 73.55 %; 70.38 % and 77.56 % respectively for the BON, BON-Na, BON-Ca; KOR; KOR-Na and KOR-Ca samples.

3.3 Application of some kinetic models to experiments

First-order, second-order and intraparticle diffusion kinetic models were applied to the experiments.

3.3.1. Application of the first-order kinetic model

The first-order kinetic model proposed by Lagergren has the following rate law (Ho & McKay, 1998) :


                                                                                                   Eq. 4

Integrating equation (Eq. 4) gives: 


                                                                                          Eq. 5

Where k1 is the rate constant of the pseudo-first-order model (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 ln(qe - qt) as a function of time allowed us to obtain the curves in Fig. 11. The parameters of this kinetic model are listed in Table 4.



Fig. 11. Application of the pseudo-first-order kinetic model. a) BON samples: b) KOR samples

Table 4. Parameters of the pseudo-first-order kinetic model

	
	qe, exp (mg/g)
	qe, th (mg/g)
	K1 (min-1)
	R2

	BON
	0.769
	0.107
	0.007
	0.058

	BON-Na
	0.754
	0.172
	0.015
	0.352

	BON-Ca
	0.934
	0.149
	0.011
	0.155

	KOR
	0.883
	0.204
	0.019
	0.456

	KOR-Na
	0.837
	0.222
	0.013
	0.329

	KOR-Ca
	1.036
	0.082
	0.009
	0.043



The data in Table 4 indicate that the R2 correlation coefficients are low, and some are close to zero. The curves in Fig. 10 show that the experimental points are not aligned and do not obey the Lagergren equation. At equilibrium, the experimentally obtained quantities of thymol blue adsorbed (qe,exp) are high compared to those obtained theoretically (qe,th) (Table 4).

3.3.2 Application of the second order kinetic model

The second-order kinetic model was developed by Ho and McKay (1998). The rate law of this model is defined by:


                                                                                                 Eq. 6

Integrating equation (Eq. 6) gives:


                                                                                                       Eq. 7

Where k2 is the pseudo-second-order rate constant (g/mg min).
The graph of (t/qt) as a function of time allowed us to obtain the curves in Fig. 12. The parameters of this kinetic model are listed in Table 5.



Fig. 12. Application of the pseudo-second-order kinetic model. a) BON samples; b) KOR samples

Table 5. Parameters of the pseudo-second-order kinetic model

	
	qe, exp (mg/g)
	qe,th (mg/g)
	K2 (g/mg min)
	R2

	BON
	0.769
	0.690
	1.046
	0.997

	BON-Na
	0.754
	0.710
	4.207
	0.997

	BON-Ca
	0.934
	0.866
	2.636
	0.999

	KOR
	0.883
	0.845
	3.016
	0.998

	KOR-Na
	0.837
	0.773
	3.467
	0.996

	KOR-Ca
	1.036
	0.976
	1.373
	0.999



The experimental points on the curves in Fig. 12 are aligned and form straight lines passing through the origin. At equilibrium, the experimentally obtained quantities of thymol blue adsorbed (qe,exp) are approximately equal to those obtained theoretically (qe,th). The data in Table 5 show that the correlation coefficients R2 are high and close to 1. Furthermore, the quantities of thymol blue adsorbed by calcium-saturated clays (BON-Ca and KOR-Ca) are the highest. These are followed by unsaturated clays (BON and KOR), which adsorb more thymol blue than sodium-saturated clays (BON-Na and KOR-Na).

3.3.3 Application of the intraparticle diffusion model

The intraparticle diffusion model is based on the theory proposed by Weber & Morris (Srivastava et al., 2006; Chouchane et al., 2016). This model uses the following expression:


                                                                                                         Eq. 8

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 plotting of the graph qt as a function of t1/2 allowed us to obtain Fig. 13 and the kinetic parameters shown in Table 6.


Fig. 13. Application of the intraparticle diffusion model. a) BON samples; b) KOR samples

Table 6. Parameters of the intraparticle diffusion model

	
	First step
	Second step

	
	K1d 
(mg/g min1/2)
	C1 (mg/g)
	R2
	K2d 
(mg/g min1/2)
	C2 (mg/g)
	R2

	BON
	0.148
	0.042
	0.952
	0.006
	0.769
	0.707

	BON-Na
	0.137
	0.042
	0.953
	0.010
	0.811
	0.555

	BON-Ca
	0.179
	0.064
	0.936
	0.001
	0.881
	0.205

	KOR
	0.167
	0.045
	0.963
	0.001
	0.857
	0.804

	KOR-Na
	0.150
	0.026
	0.981
	0.016
	0.925
	0.823

	KOR-Ca
	0.200
	0.080
	0.922
	0.006
	1.045
	0.821



The graphs in Fig. 13 show two linear phases for each sample. The lines for each phase do not pass through the origin of the coordinate system. Furthermore, the data in Table 6 indicate that the diffusion constants of the first step (k1d) are higher than those of the second step (k2d).

3.4. Thermodynamic aspect of thymol blue adsorption

The Gibbs free energy ΔG, the enthalpy change ΔH, and the entropy change ΔS were obtained from the study of the influence of temperature on thymol blue adsorption efficiency, as shown in Fig. 9. In several works (Chouchane et al., 2016 ; Lima et al., 2019 ; Ake et al., 2021 ; Ake et al., 2025a ; Girish, 2025), the following expressions were used to determine these parameters:


                                                                                                                                Eq.9

                                                                                                                     Eq.10

                                                                                                        Eq.11

                                                                                                           Eq.12
Where ΔG is the Gibbs free energy (kJ/mol); ΔH is the enthalpy change (kJ/mol); ΔS is the entropy change (J/mol·K); R is the universal gas constant (R = 8.314 J K/mol·); T is the temperature (K) and Kd is the distribution constant (L/g).

Plotting the curves ln(Kd) as a function of (1/T) (Fig. 14) allowed us to deduce the Gibbs free energy ΔG, the enthalpy change ΔH, and the entropy change ΔS from Table 7.


Fig. 14. Variation of the distribution constant of the clay samples as a function of the inverse of the temperature. a) BON samples; b) KOR samples

The experimental points in Fig. 14 are aligned and form straight lines passing through the origin. Furthermore, the curves showing the variation of the distribution constant for the BON-Ca and KOR-Ca samples lie above those of the other samples.

Table 7. Thermodynamic parameters

	
	T (K)
	BON
	BON-Na
	BON-Ca
	KOR
	KOR-Na
	KOR-Ca

	ΔG (kJ/mol)
	283
	-11.359
	-11.477
	-13.340
	-12.003
	-10.533
	-14.108

	
	293
	-11.954
	-12.186
	-13.873
	-12.683
	-11.517
	-14.671

	
	303
	-12.548
	-12.896
	-14.406
	-13.364
	-12.500
	-15.233

	
	313
	-13.142
	-13,605
	-14.939
	-14.044
	-13.484
	-15.795

	
	323
	-13.736
	-14.315
	-15.472
	-14.724
	-14.467
	-16.358

	ΔH (kJ/mol)
	5.456
	8.605
	1.744
	7.246
	17.301
	1.804

	ΔS (J/mol K)
	59.420
	70.960
	53.301
	68.017
	98.355
	56.228



The thermodynamic parameters reveal that the values of ΔG are negative and the values of ΔH and ΔS are positive. However, the values of ΔG decrease as the temperature increases and all values of ΔH are less than 40 kJ/mol. 

DISCUSSION

This study examined the influence of several factors, such as contact time, clay mass, pH, temperature and initial dye concentration, on the adsorption of thymol blue onto the clays. During the study of the effect of contact time, the rapid and significant increase in thymol blue adsorption efficiency revealed the availability of clay adsorption sites, which are present in large quantities. This observation was previously made by Kouakou et al. (2023); Ake et al. (2025a) used clays from Côte d'Ivoire to treat methyl red solutions. The decrease in adsorption efficiency between 30 and 40 minutes is attributable to the desorption of some thymol blue molecules bound to the clays. The stabilization of the adsorption efficiency observed beyond 40 minutes of contact could reflect the progressive saturation of the adsorption sites of the clays used. This observation was also made by Kouakou et al. (2023) and Ake et al. (2025a).
Regarding the study of the mass effect, the increase in adsorption efficiency with increasing clay mass shows that a greater clay input increases the number of adsorption sites. This observation was previously made by Ake et al. (2021) and Ake et al. (2025a) who used these same clays to adsorb phosphates and methyl red from wastewater.
The pH analysis revealed that thymol blue adsorption by clays is significant at pH 2. This efficiency could be linked to attractive electrostatic interactions occurring between the positively charged clay surface and the thymol blue molecules (nonpolar molecules). In fact, in acidic solution and below pH 2, positive charges, i.e., hydroxylated sites ≡Si-OH2+ and ≡Al-OH2+, are abundant on the clay surface (Ake et al., 2025a; Ake et al., 2025b). These hydroxylated sites are capable of binding oppositely charged, nonpolar particles. The decrease in adsorption efficiency as the pH increases is attributable to a repulsive electrostatic interaction occurring between the charged clay surface and the thymol blue molecules. In fact, as the pH of the medium increases, the surface hydroxyl sites deprotonate, leading to the appearance of neutral charges followed by negative charges on the clay surface, namely ≡Si-O- and ≡Al-O- sites (Ake et al., 2025a; Ake et al., 2025b). These negative charges on the clay surface can repel some thymol blue molecules, which also deprotonate, potentially resulting in a decrease in adsorption efficiency. Thus, the loss of surface hydroxyl sites appears to be detrimental to the adsorption of thymol blue onto clays. Furthermore, in a basic solution, hydroxide ions (OH-) from the solution could simultaneously adsorb onto the clays, further reducing the available adsorption sites for the dye. Studies on the removal of dyes by clays have also reported a decrease in adsorption with increasing pH (Kouakou et al., 2023; Tchonrontcha et al., 2024; Ake et al., 2025a). The decrease in adsorption at pH > 2 can also be explained by the shift in the predominant aqueous species from InH2 (pH < pK1) to InH (pK1 < pH < pK2) and then to In- (pK2 < pH) following deprotonation (Fig. 15). The InH and In- species are thus less favorable both in terms of electrostatic attraction (as the adsorbent surface acquires a negative charge depending on the pH) and regarding the formation of hydrogen bonds with the hydroxyl groups on the clay surface because InH has one less hydrogen atom, while In- has no hydrogen at all.



Fig 15. The structures of thymol blue as a function of pH

Regarding the study of the effect of temperature, an increase in adsorption efficiency was observed with increasing temperature, indicating that adsorption is an endothermic reaction. The decrease in adsorption efficiency that occurred at 303 K for the BON-Ca sample appears to be due to the desorption of certain thymol blue molecules retained by this clay sample.
Regarding the study of the influence of the initial concentration of thymol blue, an increase in adsorption efficiency was observed as the concentration of the dye in solution increased. This observation suggests that the adsorption of thymol blue onto clays is influenced by the initial concentration of this dye. Indeed, as the initial concentration of thymol blue in solution increases, a unit mass of clay comes into contact with a significant quantity of molecules of this dye. This increases collisions and the clay-dye interaction due to the concentration gradient. The stabilization of the adsorption efficiency beyond a certain thymol blue concentration could be due to the progressive saturation of the clay adsorption sites. Similar results were obtained by Ake et al. (2025a), who used these clays to adsorb methyl red.
First order, second order, and intraparticle diffusion kinetic models were applied to understand the adsorption mechanism. The first order kinetic model yielded low R2 correlation coefficients, some close to zero. However, the second order kinetic model produced high R2 correlation coefficients, some close to 1. Furthermore, straight lines were obtained for the second order model, indicating that the adsorption of thymol blue by clays is described by a second order kinetic model. The same clays used to adsorb phosphate and methyl red yielded similar results (Ake et al., 2021; Ake et al., 2025a).
Applying the intraparticle diffusion model revealed two linear phases, demonstrating that intraparticle diffusion is also involved in the adsorption process. According to the work of Coulibaly (2014) and Fayoud et al. (2015), the presence of linear zones implies at least two steps in the adsorption process, which is consistent with the results obtained. The first step is located in the zone where the lines have steep slopes (Fig. 13). This step is attributed to instantaneous adsorption (Bouberka et al., 2005 ; Coulibaly, 2014 ; Fayoud et al., 2015 ; Kouadio, 2023). The second step is located in the zone where the lines have shallow slopes (Fig. 13). This is the gradual or progressive adsorption step (Bouberka et al., 2005 ; Coulibaly, 2014 ; Fayoud et al., 2015 ; Kouadio, 2023). Furthermore, the high diffusion rate constants of the first step (K1d) compared to that of the second step (K2d) indicate that thymol blue molecules initially bind to the surface charges of the clays at high speed. Once these surface charges are saturated, other molecules diffuse into the pores to occupy the internal surfaces of the adsorbent. During diffusion, some resistance of these chemical species may occur, which would decrease the reaction rate. This observation was reported by Kouadio (2023) during the adsorption of phosphates onto these same clays.
Calcium saturated clays adsorbed thymol blue more readily than sodium saturated and unsaturated clays. The performance of these clays appears to be related to the valence of the saturating cation and its degree of hydration. This observation was reported in the work of Ake et al. (2021) and Kouadio (2023), who used these same clays to adsorb phosphates. However, modifying the KOR and BON samples with sodium does not appear to have improved their performance. Furthermore, the natural KOR sample adsorbed thymol blue more readily than the natural BON sample. The performance of the KOR samples is attributable to the goethite (FeOOH) (an iron compound) contained in these adsorbents. Indeed, the work of Ake et al. (2025a) revealed that the higher the amount of iron (in the form of Fe2+) in the adsorbent, the greater the dye decolorization.
The thermodynamic study showed negative ΔG values that decrease as the temperature increases. This study indicates that adsorption is a spontaneous reaction that increases with temperature. The positive values of ΔH reveal that the adsorption of thymol blue onto clays is an endothermic reaction. Furthermore, the ΔH values obtained indicate a physical adsorption or physisorption, since the ΔH values are less than 40 kJ/mol (Girish, 2025; Kouadio, 2023). This type of adsorption is consistent with the results of the contact time effect. The values of the ∆S indicate disorder at the solid-liquid interface during adsorption (Cheng et al., 2022).

4. CONCLUSION

This work aimed to examine the capacity of clays to adsorb thymol blue, a dye. The study was conducted using clays from two locations in Côte d'Ivoire. These clays, labeled BON and KOR, were subjected to various characterization methods to determine their composition and physicochemical properties. The clay fractions of these samples, saturated with Na+ and Ca2+, were brought into contact with synthetic thymol blue solutions. The influence of several factors, such as contact time, clay mass, pH, temperature, and the initial concentration of the dye, was examined. The adsorption tests revealed that the adsorption efficiency increases rapidly during the first 30 minutes of contact, followed by a stabilization that reflects the progressive saturation of the clays and approached equilibrium after approximately 40 minutes. The pseudo-second-order model described the experimental kinetic data more satisfactorily than the pseudo-first-order model. It is significant at pH 2 and decreases as the pH increases. However, the adsorption of thymol blue onto clays increases with the mass of clay used, the temperature, the concentration of this dye in solution, the valence of the saturation cation and the presence of goethite. The thermodynamic study revealed that this was a physical adsorption, an endothermic (ΔH > 0) and spontaneous (ΔG < 0) reaction, and that disorder occurs at the solid-liquid interface. These findings provide insight into the use of locally available clay materials as low-cost adsorbents for the treatment of dye-containing aqueous effluents.
For future work, it is planned to:
- To better understand the impact of the chemical modification, it would be important to determine the mineralogical and textural characteristics of the clays after adsorption. To this end, characterization methods such as X-ray diffraction, chemical analysis, scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) will be used;
- Perform thymol blue adsorption using natural effluents on various raw and iron-modified clays.

Limitations
The adsorption experiments were conducted using synthetic thymol blue solutions under batch conditions; therefore, performance in natural or industrial effluents containing other dissolved substances was not established. Only clay materials from Bondoukou and Korhogo and their sodium- and calcium-treated forms were evaluated, limiting extrapolation to other clay sources. The reported characterisation primarily concerned the materials before adsorption, leaving post-adsorption surface changes unexamined. Further studies using actual effluents, continuous-flow systems and post-adsorption characterisation would help assess the broader applicability of these findings.



Declaration of AI Use

This manuscript was prepared through the intellectual contributions of the author(s) to the study design, data analysis, interpretation of results, and scholarly content. Grammarly and ChatGPT were not used during manuscript revision. The author(s) accept full responsibility for the accuracy, integrity, and final content of the manuscript.


COMPETING INTERESTS

The authors have no competing interests to declare that are relevant to the content of this article.

REFERENCES
Abbas, M., Adil, M., Ehtisham-ul-Haque, S., Munir, B., Yameen, M., Ghaffar, A., Shar, G. A., Tahir, M. A., & Iqbal, M. (2018). Vibrio fischeri bioluminescence inhibition assay for ecotoxicity assessment: A review. Science of the Total Environment, 626, 1295–1309. https://doi.org/10.1016/j.scitotenv.2018.01.066
Ake, A. P., Coulibaly, V., Kone, G. E., Sei, J., & Oyetola, S. (2025a). Kinetic and thermodynamic study of the adsorption of methyl red by natural and modified clays from Côte d’Ivoire. Journal of Global Ecology and Environment, 21(3), 301–319. https://doi.org/10.56557/jogee/2025/v21i39570
Ake, A. P., Coulibaly, V., Kouamé, N., Kedi, A. B., Sei, J., & Oyetola, S. (2022). Study of the status of iron in clay materials from Côte d’Ivoire for their use as phosphate adsorbents. RAMReS Sciences des Structures et de la Matière, 6(1), 63–90. https://publication.lecames.org/index.php/mat/issue/view/131
Ake, A. P., Coulibaly, V., Ouattara, Y. N., Kouadio, L. M., Kouakou, L. P. M.-S., Aketchi, T. L., & Sei, J. (2025b). Study of the influence of some ions on the adsorption of phosphates by clay materials from Côte d’Ivoire. International Research Journal of Pure and Applied Chemistry, 26(2), 96–111. https://doi.org/10.9734/irjpac/2025/v26i2909
Ake, A. P., Kedi, A. B., Coulibaly, V., Kouamé, N., Sei, J., & Oyetola, S. (2021). Kinetic and thermodynamic study of the dephosphation of wastewater by clay materials from Côte d’Ivoire. Open Journal of Applied Sciences, 11(12), 1307–1323. https://doi.org/10.4236/ojapps.2021.1112099
Bich, C., Ambroise, J., & Péra, J. (2009). Influence of degree of dehydroxylation on the pozzolanic activity of metakaolin. Applied Clay Science, 44(3–4), 194–200. https://doi.org/10.1016/j.clay.2009.01.014
Bouberka, Z., Kacha, S., Kameche, M., Elmaleh, S., & Derriche, Z. (2005). Sorption study of an acid dye from an aqueous solutions using modified clays. Journal of Hazardous Materials, 119(1–3), 117–124. https://doi.org/10.1016/j.jhazmat.2004.11.026
Bukalo, N. N., Ekosse, G.-I. E., Odiyo, J. O., & Ogola, J. S. (2017). Fourier transform infrared spectroscopy of clay size fraction of Cretaceous-Tertiary kaolins in the Douala Sub-Basin, Cameroon. Open Geosciences, 9(1), 407–418. https://doi.org/10.1515/geo-2017-0031
Cheng, L., Zhang, L., Wang, H., & Song, F. (2022). Simultaneous removal of Congo red and Cr(VI) using amino-modified GO/MS composite materials. Korean Journal of Chemical Engineering, 39(5), 1257–1267. https://doi.org/10.1007/s11814-021-1031-x
Chouchane, T., Yahi, M., Boukari, A., Balaska, A., & Chouchane, S. (2016). Adsorption of the copper in solution by the kaolin. Journal of Materials and Environmental Science, 7(8), 2825–2842. https://www.jmaterenvironsci.com/Document/vol7/vol7_N8/295-JMES-1856-Chouchane.pdf
Coulibaly, S. L. (2014). Abattement des phosphates des eaux usées par adsorption sur des géomatériaux constitués de latérite, grès et schistes ardoisiers [Removal of phosphates from wastewater by adsorption onto geomaterials comprising laterite, sandstone and slate] [Doctoral dissertation, Université de Lorraine and Université Nangui Abrogoua]. https://docnum.univ-lorraine.fr/public/DDOC_T_2014_0065_COULIBALY.pdf
Coulibaly, V., Kouamé, N., Kedi, A. B., Sei, J., & Oyetola, S. (2018). Reactivity of clays consummated in Côte d’Ivoire in digestive conditions: Bioavailability of mineral elements. Asian Journal of Applied Sciences, 6(5), 321–332 https://doi.org/10.24203/ajas.v6i5.5362
Coulibaly, V., Sei, J., Koffi, L. K., Oyetola, S., Jdid, E.-A., & Thomas, F. (2014). Mineralogical and chemical characteristics of clays consumed in the district of Abidjan (Côte d’Ivoire). Materials Sciences and Applications, 5(14), 1048–1059. https://doi.org/10.4236/msa.2014.514108
Crini, G., & Badot, P.-M. (Eds.). (2007). Traitement et épuration des eaux industrielles polluées : Procédés membranaires, bioadsorption et oxydation chimique [Treatment and purification of polluted industrial wastewater: Membrane processes, bioadsorption and chemical oxidation]. Presses Universitaires de Franche-Comté. https://pufc.univ-fcomte.fr/collections/pratiques-techniques/environnement-et-developpement-durable/traitement-et-epuration-des-eaux-industrielles-polluees-procedes-membranaires-bioadsorption-et-oxydation-chimique.html
Crini, G., & Lichtfouse, E. (2018). Wastewater treatment: An overview. In G. Crini & E. Lichtfouse (Eds.), Green adsorbents for pollutant removal: Fundamentals and design (pp. 1–21). Springer. https://doi.org/10.1007/978-3-319-92111-2_1
de Castro-Català, N., Kuzmanovic, M., Roig, N., Sierra, J., Ginebreda, A., Barceló, D., Pérez, S., Petrović, M., Picó, Y., Schuhmacher, M., & Muñoz, I. (2016). Ecotoxicity of sediments in rivers: Invertebrate community, toxicity bioassays and the toxic unit approach as complementary assessment tools. Science of the Total Environment, 540, 297–306. https://doi.org/10.1016/j.scitotenv.2015.06.071
Delvaux, B., Herbillon, A. J., Vielvoye, L., & Mestdagh, M. M. (1990). Surface properties and clay mineralogy of hydrated halloysitic soil clays. II: Evidence for the presence of halloysite/smectite (H/Sm) mixed-layer clays. Clay Minerals, 25(2), 141–160. https://doi.org/10.1180/claymin.1990.025.2.02
Eslinger, E., & Pevear, D. (1988). Clay minerals for petroleum geologists and engineers (SEPM Short Course Notes No. 22). Society of Economic Paleontologists and Mineralogists. https://doi.org/10.2110/scn.88.01
Fayoud, N., Alami Younssi, S., Tahiri, S., & Albizane, A. (2015). Étude cinétique et thermodynamique de l’adsorption de bleu de méthylène sur les cendres de bois [Kinetic and thermodynamic study of methylene blue adsorption onto wood ash]. Journal of Materials and Environmental Science, 6(11), 3295–3306. https://www.jmaterenvironsci.com/Journal/vol6-11.html
Gerçel, Ö., & Gerçel, H. F. (2007). Adsorption of lead(II) ions from aqueous solutions by activated carbon prepared from biomass plant material of Euphorbia rigida. Chemical Engineering Journal, 132(1–3), 289–297. https://doi.org/10.1016/j.cej.2007.01.010
Girish, C. R. (2025). Determination of thermodynamic parameters in adsorption studies: A review. Chemical Papers, 79(9), 5687–5706. https://doi.org/10.1007/s11696-025-04218-x
Ho, Y. S., & McKay, G. (1998). Kinetic models for the sorption of dye from aqueous solution by wood. Process Safety and Environmental Protection, 76(2), 183–191. https://doi.org/10.1205/095758298529326
Hubert, F. (2008). Modélisation des diffractogrammes de minéraux argileux en assemblages complexes dans deux sols de climat tempéré : Implications minéralogique et pédologique [Modelling of X-ray diffraction patterns of clay minerals in complex assemblages in two temperate-climate soils: Mineralogical and pedological implications] [Doctoral dissertation, Université de Poitiers]. https://theses.univ-poitiers.fr/notice/view/4082
Igberase, E., Osifo, P., & Ofomaja, A. (2014). The adsorption of copper(II) ions by polyaniline graft chitosan beads from aqueous solution: Equilibrium, kinetic and desorption studies. Journal of Environmental Chemical Engineering, 2(1), 362–369. https://doi.org/10.1016/j.jece.2014.01.008
Inglezakis, V. J., & Poulopoulos, S. G. (2006). Adsorption, ion exchange and catalysis: Design of operations and environmental applications. Elsevier. https://doi.org/10.1016/B978-0-444-52783-7.X5000-9
Khan, S., & Malik, A. (2014). Environmental and health effects of textile industry wastewater. In A. Malik, E. Grohmann, & R. Akhtar (Eds.), Environmental deterioration and human health: Natural and anthropogenic determinants (pp. 55–71). Springer. https://doi.org/10.1007/978-94-007-7890-0_4
Konan, K. L. (2006). Interactions entre des matériaux argileux et un milieu basique riche en calcium [Interactions between clay materials and a calcium-rich alkaline medium] [Doctoral dissertation, Université de Limoges]. https://cdn.unilim.fr/files/theses-doctorat/2006LIMO0010.pdf
Konan, K. L., Soro, J., Andji, Y. Y. J., Oyetola, S., & Kra, G. (2010). Étude comparative de la déshydroxylation/amorphisation dans deux kaolins de cristallinité différente [Comparative study of dehydroxylation/amorphisation in two kaolins with different degrees of crystallinity]. Journal de la Société Ouest-Africaine de Chimie, 30, 29–39. https://www.soachim.info/document/journal-soachim/article/Vol-030Num-1-18622ca858c9f7f896b2ec9369a1013b.pdf
Kouadio, D. L., Diarra, M., Djassou, A. C., Dibi, B., Dongui, B. K., Mamadou, K., & Traoré, K. S. (2022). Étude expérimentale de l’adsorption du bleu 16 et du méthyle rouge sur du charbon issu de la coque de la cabosse de cacao [Experimental study of the adsorption of Blue 16 and methyl red onto carbon derived from cocoa pod shells]. Journal de la Société Ouest-Africaine de Chimie, 51, 17–30. https://www.soachim.info/document/journal-soachim/article/Vol-051Num-1-6c45276b7bb11757832b533f1af97736.pdf
Kouadio, L. M. (2023). Contribution à l’évaluation des niveaux de contamination des eaux et des sols des sites d’orpaillage clandestin et élimination des métaux (Hg, Pb, Cd) et de l’arsenic des eaux polluées, à l’aide des argiles de Côte d’Ivoire [Contribution to the assessment of water and soil contamination levels at illegal artisanal gold-mining sites and the removal of metals (Hg, Pb, Cd) and arsenic from polluted water using clays from Côte d’Ivoire] [Doctoral dissertation, Université Félix Houphouët-Boigny]. https://hal.science/tel-04148757
Kouadio, L. M., Larregieu, M., Tillous, K. E. N., Sei, J., Tison, Y., Parat, C., Pannier, F., & Martinez, H. (2024). Evaluation of the capacity of Ivory Coast clay to depollute water contaminated by Hg, Pb, Cd and As. South African Journal of Chemistry, 78, 170–177. https://doi.org/10.17159/0379-4350/2024/v78a23
Kouadio, L. M., Lebouachera, S., Blanc, S., Sei, J., Miqueu, C., Pannier, F., & Martinez, H. (2022). Characterization of clay materials from Ivory Coast for their use as adsorbents for wastewater treatment. Journal of Minerals and Materials Characterization and Engineering, 10, 319–337. https://doi.org/10.4236/jmmce.2022.104023
Kouakou, L. P. M.-S., Karidioula, D., Manouan, M. R. W., Pohan, A. G. L., Cissé, G., Konan, L. K., & Andji-Yapi, Y. J. (2023). Use of two clays from Côte d’Ivoire for the adsorption of methyl red from aqueous medium. Chemical Physics Letters, 810, Article 140183. https://doi.org/10.1016/j.cplett.2022.140183
Laibi, A. B., Gomina, M., Sorgho, B., Sagbo, E., Blanchart, P., Boutouil, M., & Sohounhloule, D. K. C. (2017). Caractérisation physico-chimique et géotechnique de deux sites argileux du Bénin en vue de leur valorisation dans l’éco-construction [Physicochemical and geotechnical characterisation of two clay sites in Benin for their use in eco-construction]. International Journal of Biological and Chemical Sciences, 11(1), 499–514. https://doi.org/10.4314/ijbcs.v11i1.40
Lecomte-Nana, G., Bonnet, J.-P., & Soro, N. (2013). Influence of iron onto the structural reorganization process during the sintering of kaolins. Journal of the European Ceramic Society, 33(4), 661–668. https://doi.org/10.1016/j.jeurceramsoc.2012.10.024
Lima, E. C., Hosseini-Bandegharaei, A., Moreno-Piraján, J. C., & Anastopoulos, I. (2019). A critical review of the estimation of the thermodynamic parameters on adsorption equilibria. Wrong use of equilibrium constant in the Van’t Hoff equation for calculation of thermodynamic parameters of adsorption. Journal of Molecular Liquids, 273, 425–434. https://doi.org/10.1016/j.molliq.2018.10.048
López-Ramón, M. V., Stoeckli, F., Moreno-Castilla, C., & Carrasco-Marín, F. (1999). On the characterization of acidic and basic surface sites on carbons by various techniques. Carbon, 37(8), 1215–1221. https://doi.org/10.1016/S0008-6223(98)00317-0
Majigsuren, E., Byambasuren, U., Bat-Amgalan, M., Mendsaikhan, E., Kano, N., Kim, H. J., & Yunden, G. (2024). Adsorption of chromium(III) and chromium(VI) ions from aqueous solution using chitosan–clay composite materials. Polymers, 16(10), Article 1399. https://doi.org/10.3390/polym16101399
Manzoor, J., & Sharma, M. (2020). Impact of textile dyes on human health and environment. In Impact of textile dyes on public health and the environment (pp. 162–169). IGI Global. https://doi.org/10.4018/978-1-7998-0311-9.ch008
Quantin, P., Gautheyrou, J., & Lorenzoni, P. (1988). Halloysite formation through in situ weathering of volcanic glass from trachytic pumices, Vico’s volcano, Italy. Clay Minerals, 23(4), 423–437. https://doi.org/10.1180/claymin.1988.023.4.09
Romdhane, D. F., Satlaoui, Y., Nasraoui, R., Charef, A., & Azouzi, R. (2020). Adsorption, modeling, thermodynamic, and kinetic studies of methyl red removal from textile-polluted water using natural and purified organic matter rich clays as low-cost adsorbent. Journal of Chemistry, 2020, Article 4376173. https://doi.org/10.1155/2020/4376173
Russell, J. D., & Fraser, A. R. (1994). Infrared methods. In M. J. Wilson (Ed.), Clay mineralogy: Spectroscopic and chemical determinative methods (pp. 11–67). Chapman & Hall. https://doi.org/10.1007/978-94-011-0727-3
Sei, J., Jumas, J. C., Olivier-Fourcade, J., Quiquampoix, H., & Staunton, S. (2002). Role of iron oxides in the phosphate adsorption properties of kaolinites from the Ivory Coast. Clays and Clay Minerals, 50(2), 217–222. https://doi.org/10.1346/000986002760832810
Soro, N. S. (2003). Influence des ions fer sur les transformations thermiques de la kaolinite [Influence of iron ions on the thermal transformations of kaolinite] [Doctoral dissertation, Université de Limoges]. https://cdn.unilim.fr/files/theses-doctorat/2003LIMO0007.pdf
Srivastava, V. C., Swamy, M. M., Mall, I. D., Prasad, B., & Mishra, I. M. (2006). Adsorptive removal of phenol by bagasse fly ash and activated carbon: Equilibrium, kinetics and thermodynamics. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 272(1–2), 89–104. https://doi.org/10.1016/j.colsurfa.2005.07.016
Tchonrontcha, K. Y., Abollé, A., Ollo, K., & Karamoko, B. A. (2024). Use of a clay from southern Ivory Coast (Bingerville) for the adsorption of methyl orange in aqueous media. American Journal of Physical Chemistry, 13(2), 28–34. https://doi.org/10.11648/j.ajpc.20241302.11
Tkachenko, Y., & Niedzielski, P. (2022). FTIR as a method for qualitative assessment of solid samples in geochemical research: A review. Molecules, 27(24), Article 8846. https://doi.org/10.3390/molecules27248846
Yvon, J., Baudracco, J., Cases, J. M., & Weiss, J. (1990). Éléments de minéralogie quantitative en micro-analyse des argiles [Elements of quantitative mineralogy in clay microanalysis]. In A. Decarreau (Ed.), Matériaux argileux : Structures, propriétés et applications [Clay materials: Structures, properties and applications] (pp. 473–489). Société Française de Minéralogie et de Cristallographie. https://search.worldcat.org/search?q=2903589062
Zibouche, F., Boudissa, N., Irekti, A., & Abadlia, M. T. (2013). Géopolymérisation d’aluminosilicates : Influence des rapports silice/alumine [Geopolymerisation of aluminosilicates: Influence of silica/alumina ratios]. Journal of Materials, Processes and Environment, 1(2), 147–156. https://dspace.univ-boumerdes.dz/items/c7f0e63b-619c-49b6-94ba-25abcc8bd6c5
23
image3.jpeg




image4.jpeg
all Sl 51 % @) 07:03

°3 carlroth.com/fr/ft 4+ (9

Bleu de thymol, 5 g
p.a., ACS




image5.wmf
0

().

e

e

CCV

q

m

-

=


oleObject2.bin

image6.wmf
0

0

100.()

e

CC

R

C

-

=


oleObject3.bin

image7.jpeg
| rel.
1000

900 -
800
700+
600
500 ~
400 1

300+
2004
100 +
1000
900 ~
800
700+
600 +
500 ~
400
300+
2001
100 ~

| G R Q Q I Q

| | | I | I | | I | I
5.00 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500  &0.00
Co-Ka (1.790300 A) Ztheta

I :1llite ; K : kaolinite ; G : goethite ; Q : quartz ; R : rutile





image8.jpeg




image9.jpeg
Absorbance Units

Absorbance Units

a Al2-OH
o S1-0 909 cm’!
S 1000 cm'!
1024 cm’! Si-O
1113 cm’! 578 cm!
§ i 460 cm™!
424 cm’!

External O-H O-H
g | 3689 cm! 788 em’!
3650 cm™! 750 cmr!
Internal O-H 684 cm-!
3620 cm! A\

<
o

| | | | | | |
3500 3000 2500 2000 1500 1000 500
W avenumber cm-1

S1-O

0.6
|
U‘

1001 cm'! ﬁfgoﬂ
0 _ 1025 cmr'! .
1
1113 cm 850
528 cm?
S 460 cm'!
M |
o
External O-H
3692 cm’!
QA
S 3650 cm’!

Internal O-H
3620 cm’!

Q
oS

| | | | | | |
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1





image10.jpeg
=@-BON-Ca

«=BON  =f=BON-Na

100

30

/

- -
<t @\

-
\O

(2) AU uondaospy

140

120

100

30

60

40

20

Time (min)




image11.jpeg
==KOR-Ca

= KOR-Na

——KOR

100

—0- —O
—— —e
* d

30

-
\O

40

(2) AU uondaospy

140

120

100

30

60

40

20

Time (min)




image12.jpeg
Adsorption efficiency (%)

=(-BON =f=-BON-Na =@®-BON-Ca

100 a

80

60

40

20

40 50 60 70 80 90 100

Mass (mg)




image13.jpeg
Adsorption efficiency (%)

=—6—KOR =f—KOR-Na =0=-KOR-Ca ”
100 1

60 =

50 60 70 80 90 100

Mass (mg)




image14.jpeg
—d—BON-Na =8®-BON-Ca

~-BON

100 ¥

80 [

(o] (=]
© <

(%) Aouaioyje uondiospy

20 =

12

11

10

pH




image15.jpeg
=f=KOR-Na =0=KOR-Ca

=&-KOR

100

o]
(<]

20

(o] o
© <

(%) Asuaioiyle uondiospy

12

11

pH





image16.jpeg
Adsorption efficiency (%)

=0-~BON =#—BON-Na =@-BON-Ca

100 ¢
80 +
./.—-.\t
60 + :f d’
40
20 4
0 } } } } }
283 293 303 313 323 333

Temperature (K)

343





image17.jpeg
Adsorption efficiency (%)

=9—-KOR =#—KOR-Na =@-KOR-Ca

100

80
—6- —2

60

40

20

0+ . 4 b b b

283 293 303 313 323 333

Temperature (K)

343





image18.jpeg
Adsorption efficiency (%)

100 ¥

=(-BON =f—BON-Na =@-BON-Ca

20 40 60 80 100

Concentration (mg/L)

120





image19.jpeg
Adsorption efficiency (%)

100

=&-KOR =f—-KOR-Na ={-KOR-Ca

20 40 60 80 100

Concentration (mg/L)

120





image20.wmf
1

.()

t

et

dq

kqq

dt

=-


oleObject4.bin

image21.wmf
1

ln()ln.

ete

qqqkt

-=-


oleObject5.bin

image22.jpeg
Ln (qe - qt)

+BON

ABON-Na ®BON-Ca

-5 ’
5
7 } ¢ ' y ) :

Time (min)

140





image23.jpeg
Ln (de - )

¢KOR A KOR-Na ©®KOR-Ca

20

40 60 80 100 120

Time (min)

140





image24.wmf
2

2

.()

t

et

dq

kqq

dt

=-


oleObject6.bin

image25.wmf
2

2

1

.

tee

tt

qkqq

=+


oleObject7.bin

image26.jpeg
t/q, (min g/mg)

+BON ABON-Na
200 ¥

160 +

120 +

80 .

40 $

@®BON-Ca

0 20 40 60

Time (min)

80

100

120

140





image27.jpeg
t/q, (min g/mg)

+KOR AKOR-Na ©KOR-Ca
200 ¢
160 +
120 $
80 %
40 ¥

0 5 & i 5 & 3

0 20 40 60 80 100 120

Time (min)

140





image28.wmf
1

2

    

.

d

t

qktC

=+


oleObject8.bin

image29.jpeg
g, (mg/g)

1.2

0.8

0.6

0.4

0.2

+BON

ABON-Na

@®BON-Ca

— O

N
FNg §

t 1/2 ( min 1/2)

12





image30.jpeg
q, (mg/g)

1.4

1.2

0.8

0.6

0.4

0.2

¢ KOR A KOR-Na ®KOR-Ca >
®
.
Y G — ey
A Y —
{
A
4.- é 8 1.0 1.2

t 1/2 ( min 1/2)





image31.wmf
e

d

e

q

K

C

=


oleObject9.bin

image32.wmf
..ln

d

GRTK

D=-


oleObject10.bin

image33.wmf
ln

.

d

HS

K

RTR

DD

=-+


oleObject11.bin

image34.wmf
.

GHTS

D=D-D


oleObject12.bin

image35.jpeg
Ln K,

+BON ABON-Na ® BON-Ca

0.0031 0.0032 0.0033 0.0034 0.0035

1T (K1)

0.0036





image36.jpeg
Ln K,

1T (K1)

¢ KOR AKOR-Na ®KOR-Ca "
8 Lo
7
6 ¥ o * 8 e @
5 } B S — S G
—r

A
4
3 =
2 -
1 4
0 ¥ i b . . |
0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036





image37.png




image1.jpeg




image2.wmf
1

().()

n

ii

i

TaMPa

=

=

å


oleObject1.bin

