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Abstract  This study aims to evaluate the effects of a combined treatment involving calcination at 750 °C, acid 

activation, and ferrihydrite doping on the physicochemical, mineralogical, and morphological properties of three 

natural clays from Côte d'Ivoire (KR, KB, and BB). To this end, physicochemical characterizations were performed 

on the raw samples, after calcination, and after ferrihydrite modification, in order to assess the influence of these 

treatments on the properties of the materials. The results indicate that calcination induces the transformation of 

kaolinite into amorphous metakaolinite, thereby enhancing structural disorder and promoting the formation of new 

reactive sites. Acid activation leads to an increase in porosity through the partial dissolution of aluminous phases, 

while ferrihydrite doping enriches the materials with iron oxyhydroxides and increases the density of surface 

hydroxyl groups. These modifications resulted in a significant improvement in the textural properties of the clays, 

with specific surface areas reaching 87.32 m² g⁻¹ and iodine numbers as high as 1373 mg g⁻¹. Overall, the 

ferrihydrite-modified samples, particularly KR-Fe and KB-Fe, exhibited the most pronounced improvements in their 

physicochemical and textural characteristics, highlighting the potential of this modification strategy for the future 

development of low-cost materials for water treatment applications.  
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1. Introduction 

In many rural areas of developing countries, surface 

water constitutes the primary source of domestic water 

supply. However, these resources are frequently 

contaminated by inorganic, organic, and microbial 

pollutants, compromising their potability. Conventional 

treatment technologies, often costly and complex, remain 

largely inaccessible to the affected populations. In this 

context, adsorption has emerged as a simple, effective, 

and economically viable approach for water purification. 

Several low-cost materials have already demonstrated 

their potential for adsorption applications, including 

natural clays, modified activated carbons, and various 

lignocellulosic residues [1,2,3,4,5,6,7]. Among these 

materials, clays are of particular interest in Côte d'Ivoire 

because of their abundance and favorable surface 

properties [3,5,8]. However, the use of fine fractions 

obtained through particle-size separation techniques is 

often limited by aggregation phenomena, slow settling 

rates, and poor operational stability, which restrict their 

practical application in rural settings [9,10]. To overcome 

these limitations, the present study proposes the use of 

crushed and sieved clays as supports for the 

immobilization of iron hydroxides, which are recognized 

for their high affinity toward various contaminants 

[11,12,13]. Furthermore, the properties of clays, 

particularly kaolinite-rich clays, can be significantly 

enhanced through thermal and chemical treatments. 

Calcination induces the transformation of kaolinite into 

amorphous metakaolinite with increased reactivity, 

whereas acid activation promotes an increase in specific 

surface area, porosity, and the number of reactive surface 

sites [11,12]. Therefore, this work aims to characterize 

thermally treated clays subsequently modified by the 

deposition of iron oxyhydroxide (FeOOH) in order to 

assess the effects of these modifications on their 

physicochemical, mineralogical, morphological, and 

textural properties, and to explore their potential 

suitability for future applications in water treatment. 

 



12 Journal of Materials Physics and Chemistry  

 

2. Materials and Methods  

2.1. Raw Materials  

This study focused on three natural clay samples 

collected from different regions of Côte d'Ivoire. The 

sampling locations are presented in Figure 1. The ochre-

yellow clay sample, designated BB, was collected in 

Bongouanou, located in the Moronou region in central-

eastern Côte d'Ivoire. The two other samples, designated 

KB and KR, exhibiting brown and reddish colors, 

respectively, were collected in Katiola, in the Hambol 

region of northern Côte d'Ivoire. The samples were 

excavated using a hoe and immediately stored in 15 kg 

nylon bags without any prior treatment. Prior to 

characterization, the samples were air-dried under shade at 

ambient temperature for several days, manually crushed to 

remove aggregates, and homogenized. A portion of each 

sample was then finely ground using an agate mortar and 

sieved through a 63 µm mesh sieve to obtain a 

homogeneous powder suitable for subsequent analyses.  

2.2. Heat Treatment 

The raw clay samples were subjected to thermal 

treatment in a Thermo Scientific furnace (Model F48020-

33). Approximately 50 g of each sample was calcined at 

750°C for 3h [14]. This treatment was intended to induce 

dehydroxylation of the clay minerals, promote the 

transformation of kaolinite into amorphous metakaolinite, 

remove residual organic matter, and modify the reactivity 

of the material. After calcination, the samples were 

allowed to cool to room temperature in a desiccator before 

further use. 

2.3. Ferrihydrite Deposition  

The calcined clay samples were first subjected to acid 

activation. Briefly, 50 g of calcined clay was dispersed in 

100mL of 5 mol·L⁻¹ hydrochloric acid (HCl) in a 

borosilicate glass reactor. The suspension was heated at 

90°C under continuous magnetic stirring for 3h. After 

cooling to room temperature, the mixture was vacuum-

filtered, and the recovered solid phase was repeatedly 

washed with distilled water until the filtrate reached 

approximately neutral pH (pH ≈ 7). The acid-treated 

material was subsequently dried at 60°C for 24h. This 

pretreatment was performed to partially dissolve alumina-

rich phases, increase porosity, and expose additional 

reactive surface sites, thereby facilitating the subsequent 

immobilization of ferrihydrite. Ferrihydrite deposition was 

then carried out according to the procedure described by 

Dehou et al. [12]. Briefly, 30 g of the acid-treated 

metakaolinite was introduced into a closed reactor 

containing 100 mL of an aqueous ferrous sulfate solution 

(FeSO₄·7H₂O, 0.29 mol·L⁻¹), prepared by dissolving 80 g 

of FeSO₄·7H₂O in 1 L of distilled water. The pH of the 

suspension was gradually adjusted to approximately 7 by 

the dropwise addition of a 1 mol·L⁻¹ sodium hydroxide 

(NaOH) solution under continuous magnetic stirring to 

promote the in situ precipitation and deposition of 

ferrihydrite onto the clay surface and within its porous 

structure. The reaction mixture was maintained under 

continuous stirring for 24h at room temperature in a 

closed system to minimize evaporation and external 

contamination. The resulting suspension was then 

vacuum-filtered, and the recovered solid was thoroughly 

washed with distilled water until complete removal of 

residual sulfate ions. Finally, the ferrihydrite-modified 

material was dried at 60°C for 24h prior to 

characterization. The closed-reactor approach employed in 

this study has been reported to be simple, effective, and 

suitable for ferrihydrite immobilization while requiring 

only minimal laboratory equipment [12,15]. 

 

Figure 1. Location of clay sampling sites 

 

 

 

 



 Journal of Materials Physics and Chemistry 13 

 

2.4. Characterization Techniques 

All experimental analyses were performed in triplicate 

to ensure the reproducibility of the results. The values 

reported in the tables correspond to the arithmetic means 

accompanied by their standard deviations. X-ray 

diffraction (XRD) analyses were carried out on raw clay 

samples sieved to a particle size of 63 µm. The samples 

were prepared according to the conventional powder 

diffraction method, which involves the analysis of finely 

ground dry powders without preferential crystallographic 

orientation. The measurements were performed using a 

Rigaku Miniflex powder diffractometer operating at 30 

kV and 15 mA, with Cu Kα radiation (λ = 1.5418 Å). 

Diffractograms were recorded over a 2θ range of 5–60° at 

a scanning rate of 2° min⁻¹. Phase identification was 

achieved using Match software in combination with 

crystallographic databases. Fourier-transform infrared 

(FTIR) spectroscopy was employed to identify the 

functional groups and chemical bonds present in the clay 

samples through their characteristic vibrational bands. The 

infrared spectra were recorded using a computer-

controlled Agilent Cary 630 FTIR spectrometer within the 

spectral range of 4000–400 cm⁻¹. The morphology and 

elemental composition of the samples were investigated 

using a Phenom ProX scanning electron microscope 

(SEM). The instrument was equipped with an OXFORD 

Instruments energy-dispersive X-ray spectroscopy (EDX) 

detector (Inca Dry-Cool microanalysis platform), which 

operates without the need for liquid nitrogen. The 

coupling of SEM and EDX techniques enabled the 

simultaneous observation of surface morphology and the 

determination of the elemental composition of selected 

areas of the samples. The chemical composition of the 

clay materials was determined by X-ray fluorescence 

(XRF), while the qualitative mineralogical composition 

was obtained from X-ray diffraction (XRD) analyses. The 

quantitative mineralogical composition was subsequently 

estimated by combining the XRF and XRD results using 

Equation (1) [16]: 

 

   i iT a  = M P a
 (1) 

T(a): percentage content (%) of oxide "a" in the 

sample; : percentage content (%) of mineral "i" in the 

sample; : proportion of oxide "a" in mineral "i" (this 

proportion is deduced from the ideal formula assigned to 

mineral "i"). The specific surface area of the samples was 

determined using the Brunauer–Emmett–Teller (BET) 

method. Prior to analysis, the samples were degassed 

under vacuum at 120 °C overnight to remove moisture and 

physically adsorbed species. Nitrogen adsorption–

desorption measurements were subsequently carried out at 

77 K using a Nova 4200e automated volumetric 

adsorption analyzer. The specific surface area was 

calculated from the adsorption isotherms according to the 

BET equation. The surface charge properties of the 

materials were evaluated through the determination of the 

point of zero charge (pHₚzc). This parameter corresponds 

to the pH at which the net surface charge of the solid is 

zero and plays a crucial role in controlling the interactions 

between the adsorbent surface and ionic species in 

aqueous media [5,6]. The iodine number was determined 

to assess the microporous characteristics of the materials, 

as this parameter reflects their affinity for small molecules 

and is commonly used as an indicator of micropore 

development. In addition, the methylene blue index was 

measured to evaluate the accessibility of larger molecules 

to the adsorbent surface and to provide information on the 

mesoporous characteristics of the materials [7]. 

3. Results and Discussion  

3.1. Effects of Calcination and Ferrihydrite 

Deposition  

The clay samples underwent various treatments 

designed to modify their physicochemical properties. Each 

treatment induced significant changes that varied 

according to the origin of the clay samples (Katiola or 

Bongouanou). After each treatment step, noticeable 

changes in color and texture were observed (Table 1). The 

raw clays, initially reddish (KR), yellowish-brown (KB), 

and light yellow (BB), turned grayish (KR-Cal, KB-Cal, 

and BB-Cal) after calcination at 750°C. These color 

changes suggest the occurrence of chemical and structural 

transformations [17], including the dehydroxylation of 

clay minerals and the partial disruption of the crystalline 

structure associated with the formation of metakaolinite 

[18]. Acid activation resulted in finer and lighter powders, 

which may be attributed to the partial dissolution of 

certain mineral phases and the removal of impurities from 

the clay matrix [19]. Following ferrihydrite deposition, the 

modified samples exhibited a reddish-brown coloration 

characteristic of iron oxyhydroxides, indicating the 

successful incorporation of iron-bearing phases onto the 

clay surface [19]. 

3.2. Physicochemical Modifications 

The chemical composition of the clay samples, 

presented in Table 2, reveals the major oxides associated 

with the different mineral phases constituting the materials. 

The raw samples (KR, KB, and BB) exhibit noticeable 

chemical variability, reflecting differences in their 

geological origin and mineralogical composition. Silicon 

dioxide (SiO₂) contents range from 46.17 to 58.09 wt.%, 

indicating a significant contribution of siliceous phases, 

particularly quartz. Aluminum oxide (Al₂O₃) is also 

present in substantial amounts, with concentrations 

varying from 17.24 to 21.91 wt.%, suggesting the 

abundance of aluminosilicate minerals. In combination 

with the XRD results, these findings support the presence 

of clay minerals such as kaolinite and smectite in the 

investigated samples. 
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Table 1. Effects of Calcination and Ferrihydrite Deposition 

Samples Raw clays Calcined clays Leached clays Ferrihydrite deposit 

Katiola (KR) 

    

Katiola (KB) 

    

Bongouanou 

(BB) 

    

Table 2. Chemical composition of the samples (% by mass) 

Samples SiO2 Al2O3 Fe2O3 K2O Na2O MgO MnO TiO2 CaO PP2O5 

BB 58.09 20.07 3.68 1.49 0.31 0.20 0.00 0.69 0.00 0.03 

KB 49.92 17.24 9.26 1.67 1.21 1.90 0.06 0.76 1.23 0.07 

KR 46.17 21.91 16.85 0.86 0.17 1.16 0.02 1.03 0.04 0.04 

BB-Cal 60.01 27.42 5.32 1.62 0.16 0.28 0.00 1.2 0.02 0.06 

KB-Cal 54.80 25.21 10.64 2.02 1.01 2.05 0.00 1.56 1.3 0.1 

KR-Cal 48.5 28.67 17.02 1.07 0.09 1.25 0.00 2.03 0.06 0.08 

BB-Fe 72.23 11.90 7.20 1.31 0.41 0.04 0.00 0.80 0.00 0.01 

KB-Fe 68.71 8.3 12.05 1.52 1.58 0.89 0.02 0.98 0.73 0.05 

KR-Fe 57.96 13.97 20.72 0.64 0.55 0.17 0.00 1.28 0.00 0.02 

 

The concentrations of iron oxide (Fe₂O₃) vary 

considerably among the raw samples, ranging from 3.68 to 

16.85 wt.%. This variability reflects differences in the 

abundance of iron-bearing phases, with iron occurring 

both as a structural constituent incorporated into the 

crystal lattice of phyllosilicates and as secondary minerals 

such as iron oxides and hydroxides, including goethite and 

hematite. These findings are consistent with those reported 

by Atsé et al. [20], Soro et al. [21], and Gauly et al. [22], 

who observed similar geochemical characteristics in clays 

collected from the Dabou, Bingerville, Adiaho, Zuenoula, 

Tanou-Sakassou, and Motiamo regions of Côte d'Ivoire. 

The P₂O₅ contents remain low (0.03–0.07 wt.%), 

suggesting a limited contribution of phosphate-bearing 

phases. Likewise, the relatively low concentrations of 

TiO₂ (0.69–1.03 wt.%) and CaO (0.04–1.23 wt.%) 

indicate a minor occurrence of titanium-bearing minerals 

(anatase and rutile) and carbonate phases (calcite and 

dolomite), respectively. Calcination at 750 °C (KR-Cal, 

KB-Cal, and BB-Cal) induced the dehydroxylation of 

phyllosilicates, particularly kaolinite, resulting in its 

transformation into amorphous metakaolinite. This 

transformation was accompanied by an apparent increase 

in Al₂O₃ and a slight enrichment in SiO₂ contents, which 

can be attributed to the elimination of volatile constituents 

and the concentration of the residual mineral phases. 

These observations are in agreement with the findings of 

Daou et al. [24], who reported that thermal treatment 

enhances the reactivity of clay materials through the 

development of structurally disordered sites. Acid 

activation using 5 mol·L⁻¹ HCl at 90 °C promoted the 

selective dissolution of alumina-rich phases, as evidenced 

by the marked decrease in Al₂O₃ content, which reached 

8.30 wt.% in the KB-Fe sample. Simultaneously, the 

relative proportion of SiO₂ increased, attaining 72.23 wt.% 

in BB-Fe, reflecting the enrichment of silica following the 

removal of phases more susceptible to acid attack. 

Subsequent ferrihydrite deposition led to a substantial 

increase in Fe₂O₃ contents, reaching 20.72 wt.% in KR-Fe. 

This increase provides indirect evidence of the successful 

incorporation of iron-bearing phases onto the clay matrix. 

The resulting modifications in chemical composition are 

consistent with the observations of Dehou [12], who 

highlighted the effectiveness of ferrihydrite deposition in 

altering the surface characteristics of clay materials 

intended for environmental applications. 

3.3. X-ray Diffraction  

X-ray diffraction (XRD) analysis was conducted on the 

raw clay samples (KR, KB, and BB) and their calcined 

counterparts (KR-Cal, KB-Cal, and BB-Cal) in order to 

investigate the mineralogical changes induced by 

calcination at 750°C. The diffractograms obtained enabled 

the identification and comparison of the crystalline phases 

present before and after heat treatment (Figure 2). 

KR KR-Cal KR-HCl KR-Fe 

KB KB-Cal KB-HCl 
KB-Fe 

BB 
BB-Cal 

BB-HCl BB-Fe 
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Figure 2. Diffractograms of raw and calcined clays at 750°C : Quartz 

(Q), Kaolinite (K), Albite (A), Muscovite (Mu), Goethite (G), Illite (I), 

and Montmorillonite (Mt) 

The diffractograms of the raw clays reveal the 

predominant presence of quartz (Q) in all samples, as 

evidenced by its intense and well-defined diffraction 

peaks. Kaolinite (K) is also well represented, particularly 

by its characteristic reflections located at approximately 

12.3° and 24.8° (2θ). Kaolinite is commonly reported in 

clay materials from Côte d'Ivoire [5,22,25,26,27]. In the 

KR and BB samples, muscovite (Mu) was identified, 

suggesting the presence of potassium-bearing 

phyllosilicates (Table 2). The KB sample contains, in 

addition to kaolinite, swelling clay minerals such as 

montmorillonite (Mt) and illite (I), indicating a more 

complex mineralogical composition and a probable mixed 

sedimentary origin. The occurrence of albite (A) in all raw 

samples suggests a common feldspathic contribution that 

has undergone limited weathering. Goethite (G) was also 

detected in the three raw clays, reflecting the ferruginous 

nature of these tropical weathering products [28]. 

Following calcination at 750°C, the diffractograms of the 

treated samples exhibited substantial mineralogical 

changes (Table 2). The characteristic peaks of kaolinite 

disappeared completely in KR-Cal, KB-Cal, and BB-Cal, 

indicating its transformation into amorphous metakaolinite 

through the dehydroxylation of the 1:1 aluminosilicate 

layers [29]. The montmorillonite reflections initially 

observed in KB were no longer detectable in KB-Cal, 

suggesting the collapse of the expandable structure under 

thermal treatment [30]. Illite, which exhibits greater 

thermal stability, showed a reduction in peak intensity in 

KB-Cal, indicating the onset of structural disorder [31]. 

Goethite, initially identified in the raw materials, 

disappeared after calcination, which may be attributed to 

its transformation into hematite at temperatures above 

300–400°C [25,32]. Quartz remained the dominant and 

thermally stable phase in all calcined samples, with no 

significant changes in its diffraction pattern, confirming its 

resistance to thermal treatment at 750°C [33]. Similarly, 

albite preserved its crystalline structure, highlighting its 

stability under these conditions. Weak muscovite 

reflections persisted in some calcined samples, 

particularly KR-Cal and BB-Cal, although a progressive 

loss of crystallinity was observed. Overall, the 

transformation of phyllosilicate minerals into amorphous 

metakaolinite resulted in the development of a more 

disordered structure characterized by a reduced degree of 

crystallinity. Such structural modifications may influence 

the physicochemical and surface properties of the calcined 

materials and are consistent with the changes observed 

through complementary characterization techniques. 

3.4. Mineralogical Composition  

The theoretical results of the mineralogical composition 

of the clay samples are presented in Table 3. 

Table 3. Semi-quantitative mineralogical composition of the samples 
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% 
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KR 
1.4

4 
18.75 7.28 - 47.63 - 

19.7

3 

KB 
10.

23 
10.3 - 24.71 10.65 

14.

82 

15.7

3 

BB 
2.6

2 
4.09 12.62 - 37.20 - 

33.2

8 

 

Kaolinite is the dominant clay mineral in the KR and 

BB samples, accounting for 37.20–47.63 wt.%, whereas 

montmorillonite is the predominant clay phase in KB 

(24.71 wt.%). All the investigated clays contain albite and 

goethite, with contents ranging from 1.44 to 10.23 wt.% 

and from 4.09 to 18.75 wt.%, respectively. In contrast, 

montmorillonite and illite were identified exclusively in 

the KB sample, where they represent 24.71 wt.% and 

14.82 wt.%, respectively. The relatively low goethite 

content observed in the BB sample (4.09 wt.%) may 

contribute to its lighter coloration [35]. The marked 

mineralogical differences among the studied clays are 

expected to influence their physicochemical properties. In 

particular, smectitic minerals such as montmorillonite are 

generally characterized by high specific surface areas and 

cation exchange capacities compared with kaolinite-rich 

clays [28,36,37]. Similarly, iron oxyhydroxides, including 

goethite, are known to possess reactive surface hydroxyl 

groups that can play an important role in interfacial 

processes occurring at the solid–solution interface [5]. For 

example, Aké et al. [38] reported that goethite-rich 

kaolinitic materials exhibited enhanced affinity toward 

phosphate species. Although such findings highlight the 

potential environmental relevance of these mineral phases, 

the present study focuses primarily on the characterization 

of the mineralogical modifications induced by the 

different treatments applied to the Ivorian clays. 

3.5. FTIR Spectroscopic Analysis of Samples  

FTIR analysis of the clay samples (Figures 3, 4, and 5) 

reveals significant structural modifications due to the 

various treatments applied. These analyses were 

performed in the wavenumber range of 600 to 4000 cm⁻¹. 

 

Figure 3. IR spectrum of BB, BB-Cal and BB-Fe samples 
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Figure 4. IR spectrum of KB, KB-Cal and KB-Fe samples 

 

Figure 5. IR spectrum of KR, KR-Cal and KR-Fe samples 

The Fourier-transform infrared (FTIR) spectra of the 

raw KR and BB samples exhibit similar spectral features. 

In the high-wavenumber region (3500–4000 cm⁻¹), three 

weak absorption bands are observed at 3690, 3649, and 

3619 cm⁻¹, whereas the KB sample displays two bands 

centered at 3697 and 3620 cm⁻¹. These bands are 

characteristic of the stretching vibrations of structural 

hydroxyl groups (–OH) associated with kaolinite [39]. 

The bands located at 3690–3697 cm⁻¹ and 3649 cm⁻¹ are 

generally assigned to external hydroxyl groups situated on 

the surface or between adjacent layers, whereas the band 

observed at 3619–3620 cm⁻¹, common to all samples, 

corresponds to the stretching vibration of internal 

hydroxyl groups linked to the octahedral sheet of kaolinite 

[40]. In the intermediate spectral region (700–1800 cm⁻¹), 

several absorption bands related to the silicate framework, 

hydroxyl groups, and adsorbed water molecules are 

detected. The medium-intensity bands observed at 685, 

735–754, and 783–791 cm⁻¹, characteristic of kaolinitic 

materials, are attributed to the deformation vibrations of 

hydroxyl groups and lattice translational modes [40]. The 

intense band centered around 908 cm⁻¹, present in all three 

raw samples, is assigned to the deformation vibration of 

Al–OH groups within the octahedral sheet of kaolinite 

[40]. In addition, the bands at 1622 cm⁻¹ (KB) and 1632 

cm⁻¹ (KR and BB) are associated with the bending 

vibrations of hydroxyl groups from physically adsorbed 

water molecules [5]. Finally, the bands located between 

989 and 1125 cm⁻¹ (989, 998, 1007, 1021, 1025, 1106, 

and 1125 cm⁻¹) correspond to the stretching vibrations of 

Si–O bonds characteristic of aluminosilicate structures 

[40]. Thermal treatment of the samples (KR-Cal, KB-Cal, 

and BB-Cal) induced significant modifications in the 

FTIR spectra. In particular, attenuation and slight shifts of 

the Si–O and Si–O–Si bands were observed, indicating 

distortions within the tetrahedral framework and the 

progressive loss of structural order in the aluminosilicate 

matrix. The disappearance of the characteristic Al–OH 

bands associated with kaolinite in the calcined samples 

provides evidence for dehydroxylation and the breakdown 

of the octahedral layers, in agreement with the formation 

of amorphous metakaolinite reported in the literature 

[41,42,43]. The calcined samples were subsequently 

modified through hydrochloric acid treatment followed by 

ferrihydrite deposition, resulting in noticeable spectral 

changes in the KR-Fe, KB-Fe, and BB-Fe samples. The 

marked decrease in the intensity of the Al–OH band near 

910 cm⁻¹ suggests the partial dissolution of 

aluminosilicate phases and the removal of aluminum 

during acid activation [12]. Conversely, the persistence of 

the Si–O stretching bands around 1025 cm⁻¹ indicates the 

greater resistance of silica-rich phases to acid attack [12]. 

The appearance or enhancement of absorption bands 

within the 600–700 cm⁻¹ region may be attributed to Fe–O 

and/or Fe–OH vibrational modes associated with iron 

oxyhydroxide species deposited on the clay surface [44]. 

Furthermore, the presence of a broad, low-intensity band 

around 3400 cm⁻¹ suggests the occurrence of hydroxyl 

groups and adsorbed water molecules associated with the 

ferrihydrite-modified materials [45]. Overall, the FTIR 

results corroborate the mineralogical transformations 

induced by calcination and highlight the chemical 

modifications resulting from acid activation and 

ferrihydrite deposition. 

3.6. Morphological and Microstructural 

Analysis  

Morphological observations revealed clear differences 

between the raw clays (KR, KB, and BB) and the samples 

subjected to acid activation followed by ferrihydrite 

deposition (KR-Fe, KB-Fe, and BB-Fe) (Figure 6, Figure 

7, and Figure 8). The raw clays exhibited relatively 

compact lamellar structures composed of stacked plate-

like particles, with surfaces partially covered by mineral 

phases rich in iron and aluminum. Similar morphologies 

have been widely reported for unmodified natural clays 

[31,46]. Following calcination at 750°C, a progressive 

disruption of the lamellar organization was observed, 

reflecting the structural modifications induced by the 

dehydroxylation of phyllosilicates, particularly kaolinite, 

and the subsequent formation of amorphous metakaolinite 

[29]. Acid activation with hydrochloric acid further altered 

the morphology of the materials through the partial 

dissolution of alumina-rich phases and other acid-soluble 

constituents, thereby generating a more irregular and 

porous structure [47,48]. Subsequent ferrihydrite 

deposition resulted in noticeable changes in surface 

morphology. The modified samples displayed rougher and 

more heterogeneous surfaces, characterized by the 

presence of fine particulate aggregates distributed over the 

clay matrix. These morphological features may be 

associated with the incorporation of iron-bearing phases 

onto the surface of the acid-treated clays [49,50]. In 

addition, EDX analyses revealed an increase in iron 

content in the modified samples compared with the 

corresponding raw materials, providing further evidence 

of the successful modification of the clay matrix. Overall, 

the sequence of thermal treatment, acid activation, and 

ferrihydrite deposition induced substantial structural and 

compositional changes in the investigated materials. These 

modifications are expected to influence the 

physicochemical and surface properties of the clays and 
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may contribute to their suitability for future environmental 

applications. Nevertheless, the implications of these 

modifications for adsorption processes remain to be 

validated through dedicated adsorption studies involving 

representative contaminants and appropriate performance 

assessments. 

 

Figure 6. Morphology of BB and BB-Fe samples 

 

Figure 7. Morphology of KB and KB-Fe samples 

 

Figure 8. Morphology of KR and KR-Fe samples 

The results of the EDS elemental analysis presented in 

Table 4 indicate that the raw clay samples are mainly 

composed of silicon (Si), aluminum (Al), and iron (Fe), 

together with smaller amounts of K, Mg, Ca, Na, and Ti. 

The aluminum content ranges from 18.81 wt.% in KB to 

22.86 wt.% in KR. The predominance of Si and Al is 

consistent with the X-ray fluorescence (XRF) results, 

which identified SiO₂ and Al₂O₃ as the major oxide 

constituents of the investigated materials. Iron is 

particularly abundant in the KR sample (30.06 wt.%), 

suggesting a greater contribution of iron-bearing mineral 

phases. This observation is in agreement with the XRD 

results, which revealed the presence of goethite in the raw 

clays [53]. The variations in elemental composition among 

the samples reflect differences in their mineralogical 

composition and geological origin. 

The treatment of calcined clays (KR-Fe, KB-Fe, and 

BB-Fe) with 5 mol·L⁻¹ HCl, followed by ferrihydrite 

deposition, induced noticeable changes in their elemental 

composition. A decrease in Al and Mg contents was 

observed in the modified samples, suggesting the partial 

dissolution of alumina- and magnesium-bearing phases 

during acid activation [12]. Concurrently, an increase in 

Fe content was detected, which may be attributed to the 

incorporation of iron-bearing phases resulting from the 

ferrihydrite deposition process [11]. This enrichment in 

iron is consistent with the modification procedure 

employed and supports the successful alteration of the 

clay matrix. Furthermore, the detection of Cl and S in the 

KR-Fe, KB-Fe, and BB-Fe samples may be associated 

with residual chloride ions originating from the 

hydrochloric acid treatment and sulfate species related to 

the ferrihydrite deposition step. Despite repeated washing, 

trace amounts of these elements may remain adsorbed on 

the surface of the modified materials. 

Table 4. EDS analysis by mass composition of the clays 

Samples KR KB BB KR-Fe KB-Fe BB-Fe 

Si 40.73 46.56 55.66 39.53 41.49 49.91 

Al 22.86 18.81 21.14 13.84 10.23 12.39 

Fe 30.06 22.90 16.80 35.16 35.95 30.98 

K 2.82 4.55 5.64 1.64 2.36 3.52 

Ti 1.77 1.33 0.63 1.64 1.04  

Ca  2.31 0.12  1.51  

Mg 1.21 2.26  0.17 0.41 0.12 

Na 0.14 1.28   2.97  

Mn 0.41   0.23  0.56 

S    3.80 2.54 2.32 

Cl    4.00 1.5 0.19 

3.7. Adsorbent Properties 

Table 5 and Figure 9 and Figure 10 summarize the 

textural and surface properties of the raw clays (KR, KB, 

and BB), the clays calcined at 750°C (KR-Cal, KB-Cal, 

and BB-Cal), and the clays subjected to acid activation 

followed by ferrihydrite deposition (KR-Fe, KB-Fe, and 

BB-Fe). The results reveal noticeable variations in the 

iodine number (IIN), methylene blue index (MBI), BET 

specific surface area (S_BET), and point of zero charge 

(pH_PZC), reflecting the modifications induced by the 

different treatments. Iodine Number and Methylene Blue 

Index The iodine number, commonly used as an indicator 

of the accessibility of microporous domains and the 

presence of site capable of interacting with small 

molecules, is presented in Table 5. For the raw samples, 

iodine numbers ranged from 505 to 593 mg·g⁻¹, with the 

highest value recorded for KR. Calcination at 750°C 

resulted in a slight increase in iodine number for BB and 

KB, whereas a more pronounced increase was observed 

for KR. These changes may be associated with the 

structural transformations induced by thermal treatment, 

particularly the dehydroxylation of kaolinite and the 

formation of metakaolinite. Ferrihydrite deposition led to 

a further increase in iodine number, especially in the KR-

Fe sample. This trend suggests that the successive 

treatments modified the textural characteristics of the 

materials, possibly through the generation of additional 

accessible surface domains and changes in pore 

organization. However, iodine number values should be 

interpreted cautiously, as they do not directly reflect 

adsorption performance in the absence of specific 

adsorption experiments. The methylene blue index (MBI), 

which provides information related to the accessibility of 

larger molecules to the external surface and mesoporous 

domains of the materials, remained relatively constant at 
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approximately 330 mg·g⁻¹ for all samples. This limited 

variation suggests that the treatments had only a minor 

effect on the mesoporous characteristics and external 

surface accessibility of the investigated clays, regardless 

of their geographical origin [41]. 

Table 5. Chemical Characteristics 

Samples IIo (mg/g) IM (mg/g) SBET(m2/g) pHpcn 

KR 593.55   

0.2 

320.21   

0.065 
49.98 6.1   0.1 

KR-Cal 699.86   

0.2 

329.88   

0.065 
57.71 7.1   0.1 

KR-Fe 1373.14   

0.2 

329.88   

0.065 
75.8 5.8   0.1 

KB 511.50   

0.15 

329.54   

0.005 
52.33 5.3   0.2 

KB-Cal 524.45   

0.15 

330   

0.005 
62.93 5.9   0.2 

KB-Fe 735.29   

0.15 

330.3   

0.0050 
87.32 4.8   0.2 

BB 505.03   

0.1 

329.99   

0.025 
37.72 5.4   0.2 

BB-Cal 517.97   

0.1 

330.02   

0.025 
41.93 6.3   0.2 

BB-Fe 524.45   

0.1 

329.28   

0.025 
65.26 5   02 

 

Textural properties (Specific surface area and N₂ 

adsorption isotherms) For all samples, the BET plots 

exhibited satisfactory linearity within the relative pressure 

range of 0.05 < P/P₀ < 0.35, confirming the 

appropriateness of the selected pressure interval and the 

reliability of the calculated specific surface areas [55,56] 

(Figure 9). The measured BET specific surface areas 

essentially correspond to the external surfaces accessible 

to nitrogen molecules. As summarized in Table 5, the 

specific surface areas ranged from 37.72 to 52.33 m²·g⁻¹ 

for the raw clays, from 41.93 to 62.93 m²·g⁻¹ for the 

calcined clays, and from 65.26 to 87.32 m²·g⁻¹ for the 

ferrihydrite-modified clays. The evolution of the BET 

specific surface area followed the same trend as that 

observed for the iodine number, suggesting that the 

successive treatments induced modifications in the 

textural characteristics of the materials [41]. The increase 

in specific surface area observed after calcination and 

ferrihydrite deposition may be attributed to the structural 

transformations induced by thermal treatment, including 

the dehydroxylation of phyllosilicates, as well as to the 

morphological changes associated with acid activation and 

ferrihydrite incorporation. Similar trends have been 

reported for modified clay materials in previous studies 

[57,58,59]. The specific surface areas of the BB and KR 

samples are comparable to those reported for natural 

kaolinitic clays [60,61]. Although these two samples 

exhibit similar mineralogical compositions, the KR 

sample, characterized by a higher iron content, displayed a 

greater specific surface area than BB. This observation 

suggests that iron-bearing phases may influence the 

development of surface characteristics [59,62]. The 

highest BET surface areas were obtained for the KB series, 

which may be related to the presence of smectitic phases 

in combination with other associated minerals [57,61]. 

Although these values remain lower than those commonly 

reported for pure montmorillonite, they indicate that the 

Katiola clay is composed of a heterogeneous assemblage 

of kaolinite, montmorillonite, and illite, with additional 

contributions from secondary mineral phases derived from 

the alteration of the parent material [55,63]. Comparison 

with recent literature shows that the BET surface areas 

obtained in this study are generally within, or slightly 

above, the range reported for several natural and modified 

clay materials [64,65,66,67,68,69]. Kaolinite-rich clays 

typically exhibit specific surface areas ranging from 15 to 

45 m²·g⁻¹, whereas thermally treated materials may 

develop larger surface areas as a result of dehydroxylation 

and structural reorganization [64]. Similarly, clay 

materials modified through chemical treatments or iron 

oxyhydroxide deposition often display BET surface areas 

ranging from 60 to 85 m²·g⁻¹ [65,66,67,68]. In this context, 

the maximum value obtained for the KB-Fe sample (87.32 

m²·g⁻¹) lies within the upper range reported for modified 

clay materials in recent studies. Overall, the results 

demonstrate that the combination of calcination, acid 

activation, and ferrihydrite deposition significantly altered 

the textural properties of the investigated clays, leading to 

an increase in the specific surface area accessible to 

nitrogen molecules. These observations are consistent 

with the findings of Blattmann and Plötze [55] and other 

studies dealing with the modification of clay materials 

[65,66,67,68,69]. The enhanced textural characteristics 

observed in the modified samples highlight the 

effectiveness of the treatment strategy employed in 

tailoring the surface properties of the Ivorian clays. 

 

Figure 9. Nitrogen adsorption isotherms at 77 K on the samples 
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Point of Zero Charge (pHₚzc) The point of zero charge 

(pHₚzc) values of the investigated samples ranged from 

4.8 (KB-Fe) to 7.1 (KR-Cal) (Table 5 and Figure 10). The 

pHₚzc corresponds to the pH at which the net surface 

charge of the material is zero and is therefore an important 

parameter governing the acid–base behavior of solid 

surfaces in aqueous media. At pH values above the pHₚzc, 

the surface tends to acquire a negative charge, whereas at 

pH values below the pHₚzc, it becomes positively charged 

[41,42]. The results indicate that acid activation followed 

by ferrihydrite deposition generally led to a decrease in 

the pHₚzc values of the modified clays. This trend may be 

related to the partial dissolution of alumina-rich phases 

during acid treatment, resulting in a relative enrichment of 

silica at the material surface. According to Dehou et al. 

[12], acid activation can induce significant dealumination 

of clay minerals, thereby modifying their surface chemical 

characteristics. This interpretation is supported by the 

findings of Tschapek et al. [71], who demonstrated that 

the pHₚzc of Al₂O₃–SiO₂ systems increases with 

increasing Al₂O₃ content. Consequently, a reduction in 

alumina content relative to silica may lead to lower pHₚzc 

values, reflecting changes in the surface acid–base 

properties of the materials [71]. The observed shifts in 

pHₚzc therefore provide evidence that the successive 

treatments applied in this study altered the surface 

characteristics of the Ivorian clays. 

 

 

 

Figure 10. Effect of pH variation in aqueous solution on clays 

4. Conclusion 

This study aimed to characterize natural Ivorian clays 

subjected to thermal treatment and subsequent 

modification by iron oxyhydroxide (FeOOH) deposition, 

in order to assess the effects of these treatments on their 

physicochemical, mineralogical, morphological, and 

textural properties. The results demonstrated that 

calcination at 750°C induced the dehydroxylation of 

phyllosilicates and the transformation of kaolinite into 

amorphous metakaolinite, leading to significant structural 

modifications. Acid activation promoted the partial 

dissolution of alumina-rich phases, resulting in changes in 

surface chemistry and an increase in the accessibility of 

the porous structure. Ferrihydrite deposition further 

altered the composition and morphology of the clays, as 

evidenced by the increase in iron content and the 

development of rougher and more heterogeneous surfaces. 

The combined treatments also induced substantial changes 

in the textural characteristics of the materials. In particular, 

the ferrihydrite-modified clays exhibited higher BET 

specific surface areas and iodine numbers than the 

corresponding raw materials, indicating the effectiveness 

of the modification strategy in tailoring the surface 

properties of the investigated clays. The shifts observed in 

the point of zero charge (pHₚzc) further confirmed the 

alteration of the acid–base characteristics of the clay 

surfaces following treatment. Overall, the findings 

highlight the potential of thermal treatment, acid 

activation, and ferrihydrite deposition as effective 

approaches for modifying the physicochemical and 

textural properties of Ivorian clays. These results 

contribute to a better understanding of the transformations 

induced by these treatments and provide a scientific basis 

for future investigations into the application of such 

modified materials in environmental remediation 

processes. Furthermore, they emphasize the value of 

locally available clay resources as low-cost materials that 

can be engineered for potential use in sustainable water 

treatment technologies. 
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