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Abstract

This study focuses on the physicochemical, mineralogical, and morphological
characterization of three natural clays from Cote d’Ivoire (KR, KB, and BB) to
evaluate their potential for environmental applications. The samples were an-
alyzed by particle size analysis, X-ray fluorescence (XRF), X-ray diffraction
(XRD), FTIR spectroscopy, scanning electron microscopy (SEM/EDS), and
thermal analysis. The results show a predominance of kaolinite in KR and BB,
while KB exhibits a more diverse mineralogy including illite and smectite. Io-
dine values (593.55 mg/g for KR, 511.50 mg/g for KB, and 505.03 mg/g for BB)
and methylene blue values close to 320 - 330 mg/g indicate differences in the
textural properties and accessible surface area of the materials. These results
highlight the superior adsorption potential of KR, linked to its high kaolinite
and iron oxide content, while KB exhibits promising potential due to its smectite
fraction. This study thus provides an essential database for selecting local clay
materials that could be further investigated in water treatment applications.

Keywords

Natural Clays, Adsorption, Iodine Value, Methylene Blue Value, Pollution
Remediation, Cote d’Ivoire

1. Introduction

Clays are abundant, finely divided natural materials, primarily composed of hy-
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drated aluminum silicates. Their lamellar crystalline structure, resulting from the
stacking of tetrahedral (SiO,) and octahedral (AlOg) sheets, gives these minerals
remarkable physicochemical properties such as a high specific surface area, devel-
oped porosity, significant cation exchange capacity, and notable plasticity [1] [2].
These structural characteristics promote interactions between the clay surface and
various chemical species, making clays particularly well-suited for environmental
applications. The effectiveness of clays in wastewater treatment is primarily linked
to these structural and physicochemical properties, including specific surface area,
cation exchange capacity, surface charge, and the nature of the clay sheets. Ad-
sorption mechanisms generally involve several complementary processes such as
ion exchange, physical adsorption, surface complexation, and electrostatic inter-
actions. These mechanisms are highly dependent on the mineralogical structure
and chemical reactivity of the clay surfaces, which control the nature of the adsor-
bent-adsorbate interactions and the pollutant removal performance in wastewater
treatment systems [3]-[5].

In a context marked by the intensification of industrial and agricultural activi-
ties, the contamination of water resources by synthetic dyes, heavy metals, and
excess nutrients constitutes a major environmental issue. Given the economic and
technical limitations of certain conventional water treatment technologies, the use
of local, low-cost natural materials is generating increasing interest. Clays thus
stand out as promising adsorbents due to their availability, chemical stability, and
demonstrated effectiveness in removing many pollutants [6] [7].

However, the adsorption performance of clays is highly dependent on their
mineralogical and chemical composition. The main clay phases, such as kaolinite,
illite, and smectites, particularly montmorillonite, exhibit differentiated behaviors
due to their respective crystalline structures and surface properties. Smectite-type
minerals generally display a high adsorption capacity due to their expansive 2:1
structure and their high cation exchange capacity linked to isomorphic substitu-
tions in the crystal lattice. Conversely, kaolinite, characterized by a more stable
and less charged 1:1 structure, generally exhibits a more moderate adsorption ca-
pacity but high chemical inertness [8] [9]. Moreover, the presence of accessory
minerals such as iron oxides can influence interaction mechanisms through com-
plexation or electrostatic attraction [10] [11].

In Cote d’Ivoire, clay resources are abundant and widely distributed throughout
the territory, but their utilization in the field of water depollution is still insuffi-
ciently developed. Although some studies have highlighted the potential of these
materials for the adsorption of dyes and toxic metals [6] [12] [13], the relation-
ships between mineralogical composition, physico-chemical properties, and ad-
sorptive efficiency are still poorly documented in a systematic manner.

This study aims to characterize three clay samples collected in Cote d’Ivoire by
analyzing their mineralogical composition and physicochemical properties, and
then evaluating their adsorption potentials. The objective is to establish correla-

tions between the dominant mineral phases and the observed potentials, in order
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to contribute to the development of local, sustainable, and economically accessible

solutions for water pollution control.

2. Materials and Methods
2.1. Sampling Sites and Samples

Three clay samples from different regions of Cote d’Ivoire (West Africa) were
studied. One sample was taken from Bongouanou, in the Moronou region (Cen-
tral-East), labeled BB, and two samples were collected from Katiola, in the Hambol
region (North), designated KR and KB. Samples KR and KB were collected from
two separate sites in the Katiola area to ensure better spatial representation. The
clays studied originate primarily from lateritic formations resulting from the
weathering of crystalline rocks of the Birimian basement. These formations are
the result of intense tropical weathering processes that promote the formation of
secondary minerals such as kaolinite, iron oxides and oxyhydroxides, and quartz
[14]. The Katiola region belongs to the geological domain of north-central Céte
d’Ivoire, characterized by highly weathered granitoid formations [15]. In contrast,
the Bongouanou area is located in an internal sedimentary basin dominated by
clayey-sandy formations [16]. Samples were collected at depths of 0 to 20 cm using
a hoe. For each site, three subsamples were collected and then homogenized to
create a representative composite sample. The materials were packaged in 15 kg
nylon bags without prior treatment. Before characterization, the samples were air-
dried in the shade for several days, crushed, disaggregated, and then finely ground
in an agate mortar. The resulting powders were sieved at 63 um to ensure a ho-
mogeneous particle size suitable for analysis. Photographs of the studied clays are

presented in Figure 1.

Figure 1. Images of the clay samples.

2.2. Methods of Characterizing Clay Samples

All experimental analyses were performed in triplicate to ensure the reproducibil-
ity of the results. The values presented in the tables correspond to the arithmetic
means with their standard deviations. This approach allows for the evaluation of
the analytical precision and experimental variability of the physicochemical meas-

urements.

2.2.1. Physical Characterization
The moisture content of the clays was determined according to standard NF P 94-
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050 [17] by evaluating the mass loss after drying the samples in an oven at 105°C
for 24 hours. The moisture content is expressed as a percentage of the dry mass
and is determined by Equation (1)

(m, —m,)x100

m

TH (%)= (1
m, (g): mass of the raw sample; m, (g): mass of the sample after drying at
105°C for 24 hours in an oven.

The loss on ignition was obtained after calcination at 1000°C for 2 hours in the
furnace of samples previously dried in the oven at 105°C [18] [19]. The loss on
ignition is calculated according to the formula given by Equation (2):
(m, —m;)x100

nm,

PF(%) = )
m, (g): mass of the sample after drying at 105°C for 24 hours; m, (g): mass of
the sample after calcination at 1000°C for 2 hours in a furnace.

The protocol used to measure pH is that of Khireddine [20]. Contact is estab-
lished between the powdered clay and distilled water or a KCI solution (1 mol/L)
in a ratio (m/V = 1/5) for the determination of pH (H,O) and pH (KCl), respec-
tively. Contact is maintained using magnetic stirring for 1 hour. After 2 hours of
resting, the pH measurement is carried out in the supernatant using a pH meter.
The organic matter (OM) content was determined according to the hydrogen per-
oxide method [21], which consists of treatment with hydrogen peroxide, 10 vol-
umes (H,O;, 3%), of the material as described by Laibi et a/ [22]. The organic
matter content is calculated using the formula given by Equation (3):
(m0 —m ) x100

my

MO (%) = 3)
m, (g): initial mass of the clay sample before the reaction with hydrogen perox-
ide; m, (g): mass of the sample after the reaction and oven-dried at 105°C for 24
hours.

The density of clay materials was determined using the water pycnometer method
according to the protocol described by Gagea and Mirica [23]. The value of the
sample density is given by Equation (4):

p=|:(m2—ml)><(pL_pa)i|+pa @)

m4(m2—m,)—m3

p (g-cm™): density of clay; p; (g-cm™): density of water (1 g-cm™); p, (g-cm™):
density of air (0.0012047 g-cm™); m, (g): mass of the empty pycnometer; m,
(g): mass of the pycnometer with 5 g of clay; m,; (g): mass of the pycnometer
with the same amount of clay and filled with distilled water; m, (g): mass of the

pycnometer filled with distilled water.

2.2.2. Chemical Composition

The chemical composition in oxides of the clay samples was determined by X-
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ray fluorescence spectrometry (XRF), using an energy-dispersive spectrometer
(EDXRF) model PANalytical Epsilon 4 at the Analysis and Research Center of
PETROCI in Cote d’Ivoire. The analyses were carried out on finely ground and
homogenized powders, allowing the quantification of the main major and minor
oxides present in the samples. This non-destructive technique offers a precise and

rapid determination of the overall elemental composition of the materials.

2.2.3. X-Ray Diffraction

The mineralogical composition of the clays was determined by powder X-ray dif-
fraction (XRD) using a powder X-ray diffractometer (Rigaku Miniflex) operating
at 30 kV and 15 mA at the National Geosciences Research Laboratory (NGRL),
Kaduna, Nigeria.

These PXRD analyses were carried out using monochromatic CuKa radiation
(1= 1.54056) with a measurement range in 26 from 4° to 75°. The mineral phases
were identified using HighScore software and a PDF (powder diffraction files) da-
tabase from the ICDD (International Center for Diffraction Data).

2.2.4. Fourier Transform Infrared Spectroscopy of Clays

Infrared absorption spectra were obtained with an Agilent Cary 630 FTIR Fourier
transform spectrometer, scanning from 4000 to 650 cm™'. The analysis was con-
ducted at the Laboratory of Chemistry and Renewable Energies (LaCER) of the
Nazi BONI University, Bobo-Dioulasso, Burkina Faso.

2.2.5. Morphological and Microstructural
Analysis Scanning electron microscopy coupled with energy-dispersive X-ray spec-
troscopy (SEM/EDS) was performed using a Phenom ProX electron microscope
(ProX, Netherlands).

The analysis was carried out at the National Geosciences Research Laboratory
(NGRL), Kaduna, Nigeria.

2.2.6. Differential Thermal Analysis and Thermogravimetry (DTA/TGA)
Thermal analysis aims to characterize materials by studying their properties or
changes in state as a function of temperature and time. The main techniques used
are differential thermal analysis (DTA) and thermogravimetry (TGA). The anal-
ysis was conducted at the National Geosciences Research Laboratory (NGRL), Ka-
duna, Nigeria, using a PerkinElmer TGA 4000 made in Netherlands.

2.2.7. Adsorptive Properties

The iodine number was determined according to the procedure established by the
American Society for Testing and Materials (ASTM D4607). The contact time be-
tween the clay and the iodine solution was set at 30 minutes under constant stir-
ring (200 rpm) at 25°C before titration with 0.1 N sodium thiosulfate. The exper-
imental reproducibility is estimated at + 2 mg-g™'. The concentration of iodine
adsorbed by clay materials (Iodine Index) was calculated as the amount of iodine

adsorbed in milligrams using Equation (5) [24] [25].
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(V, =V, )xM x N x10
M xV,

d =

)

With: V5 (mL): volume of sodium thiosulfate added during the blank test (with-
out clay); Vs (mL): volume of sodium thiosulfate added during the test with clay;
N (mol/L): normality of the iodine solution; m (g): mass of the clay; M (g/mol):
molecular mass of diiodine (253.81 g/mol).

Agitation was carried out at 200 rpm for 30 h at 25°C.

The protocol used for the determination of the methylene blue index is the one
reported by Bestani et al. [26]. First, a mass of 0.3 g of clay is mixed with 100 mL
of 1000 mg/L methylene blue solution. After 24 hours of agitation at 25°C, the
suspension was filtered and the residual concentration of methylene blue was
measured using a UV/VIS spectrophotometer (Jasco V530 UV/Vis) at a wave-
length of 664 nm [27] with a precision of + 0.005 absorbance units. The methylene
blue adsorption capacity (IBM) is given by Equation (6)
(C-C)xV

m

IMB = (6)

With: C; and C,: the initial and residual concentrations of methylene blue
(in g/L); Vi volume (in L) of the methylene blue solution used for adsorption tests
and m: the mass (in g) of the clay.

The pH at the point of zero charge (pHpzc) was determined by the method re-
ported by Kouakou et al [6]. A volume of 40 mL of NaCl (0.1 M) was introduced
into Erlenmeyer flasks containing 0.2 g of the clay to be analyzed. The pH of each
Erlenmeyer flask was adjusted in the range of 2 to 12 by adding a 0.1 M HCl or
0.1 M NaOH solution. The Erlenmeyers were covered and stirred for 72 hours at
a temperature of 25°C. After stirring, the contents of these Erlenmeyer flasks were
filtered through 0.45 pm filter paper. The final pH of each mixture was measured
using a pH meter. The graph of pH variation versus initial pH was plotted. The
pHprzc is defined as the point of intersection of the curve with the zero axis ApH =
0 [6] [27].

Particle size analysis was performed using a combination of mechanical sieving
for coarse fractions and the Robinson pipette method for fine fractions. The pi-
pette method, based on the principle of particle sedimentation according to Stokes’
law, is recognized as a reference technique for the accurate determination of fine
soil fractions [28]. The particle size classes used were: Clay: <2 um; Fine silt: 2 - 20

um; Coarse silt: 20 - 50 pm; Sand: >50 pm

3. Results and Discussion

3.1. Physical Characterizations

The results of the physico-chemical parameters of the clay samples are presented
in Table 1.
Particle size distribution constitutes a determining parameter in adsorption

phenomena, as it directly affects the available specific surface area and the number
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of accessible active sites. The clay fraction is generally recognized as the most re-
active, due to its fineness and high surface activity [29]. In the present study, the
samples exhibit relatively low to moderate clay contents (4.5% - 7%), suggesting a
limited contribution of this fraction to the overall adsorption capacity. Fine silt,
particularly abundant in the KR sample (61%), may participate in adsorption
mechanisms, although its effectiveness remains lower than that of clay particles.
Conversely, the sandy fraction, which is minor and chemically less reactive, plays

a negligible role in adsorption processes.

Table 1. Main physico-chemical properties of the clay samples.

Parameters KR KB BB
Clay fraction (%) 5.5 7.0 4.5
Fine silt (%) 61.0 41.0 30.5
Coarse silt (%) 25.9 444 50.25
Sand (%) 7.6 6.0 6.75
Moisture content (%) 1.41 £ 0.02 1.38 £ 0.16 0.27 +0.02
pH (H:0) 6.43 0.1 6.40 £ 0.13 6.14 £ 0.2
pH (KCl) 4.51+0.14 6.00 £ 0.1 4.00 £ 0.2
Density (g-cm‘3) 2.48 +0.03 2.44 +0.02 2.66 = 0.01
Organic matter (%) 1.36 £ 0.08 1.92 + 0.06 0.58 £ 0.1

The moisture content (HR) is a determining factor in the mechanisms of inter-
action between pollutants and the soil matrix, by providing an aqueous interface
favorable to adsorption phenomena. The KR and KB samples, with moisture con-
tents above 1%, thus have an environment more conducive to contaminant reten-
tion, compared to the BB soil, whose lower HR (0.27%) limits the effectiveness of
physicochemical interactions between pollutants and adsorption sites. Values
close to those obtained in the present study have been reported in other works:
2.71-2.72[30], 1.12% + 0.5% - 3.98% * 0.4% [25], and 3.53% [31]. However, they
remain lower than those reported by [22] [32], which are respectively 3.71% =+
0.1% - 4.54% and 4.78%.

Density measurements with the water pycnometer gave values of 2.48; 2.44 and
2.66 g-cm™ for the KR, KB, and BB samples, respectively. These values fall within
the density ranges reported for clay minerals, namely: 2.0 - 2.6 g-cm™ for smec-
tites, 2.61 - 2.68 g-cm? for kaolinites, and 2.6 - 3.3 g-cm™ for chlorites [33]. The
density of KR and KB suggests a dominance of smectite phases, while that of BB
corresponds to the characteristic values of kaolinites and to the lower limit of chlo-
rites. Density values alone do not allow us to conclude that smectites are dom-
inant. Reliable mineralogical identification relies primarily on XRD results, which

indicate a dominance of kaolinite in KR [34].
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The pH measured in water (pHuz0) and in a KCl solution (pH_KCI) allows for
the estimation of the electrostatic adsorption potential of soils. The difference be-
tween these two values, called ApH (pHmuzo-pH_KCI), provides information on the
net surface charge: a positive ApH indicates a negatively charged surface, favora-
ble for the adsorption of cationic organic pollutants. The ApH values measured
for the KR and BB samples, exceeding +1.9, reflect a predominance of negative
charges on the particle surfaces, indicating a strong affinity for cationic species
through electrostatic adsorption mechanisms. In contrast, the KB sample shows a
significantly lower ApH (+0.4), suggesting a reduced density of negative charge
and, therefore, a lower electrostatic adsorption capacity. However, this limitation
is largely offset by a notable organic matter content (1.92%), which plays a central
role in the adsorption of organic compounds. Organic matter indeed acts as an ef-
fective adsorptive phase, through hydrophobic interactions, Van der Waals forces,
and m-n bonding, which are particularly important in soils with low clay content.
This crucial role of organic matter in the retention of organic pollutants is sup-
ported by the work of Ewis et al. [35], who highlight its significant contribution
to surface charge and overall retention capacity, especially in the context of low
fine mineral fraction. Furthermore, the work of Claudia ef a/. demonstrated that
ApH is a good indicator of cationic adsorption capacity, directly related to the

soil’s organic carbon content [36].

3.2. Chemical Composition of the Clay Samples

The chemical composition of the three clay samples, presented in Table 2, high-
lights the main constituent oxides. X-ray fluorescence analyses show that silica
(Si0O,) is the major oxide in all three samples, with contents ranging from 46.17%
(KR) to 58.09% (BB). Alumina (Al,O;) varies from 17.24% (KB) to 21.91% (KR),
confirming the dominance of aluminosilicates. The KR sample stands out for its
high Fe,Os content (16.85%), significantly higher than that of KB (9.26%) and BB
(3.68%), indicating a marked iron enrichment. Alkali oxides (KO and Na,O) are
higher in KB (1.67% and 1.21%), suggesting a more significant contribution of
potassium or sodium phases. KB also shows the highest content of MgO (1.90%)
and CaO (1.23%).

The SiO,/Al,0; ratio ranges from 2.10 (KR) to 2.89 (KB and BB), indicating a
relatively more aluminous composition for KR and more siliceous for KB and BB.
The loss on ignition (LOI) ranges between 5.25% (KB) and 10.24% (BB), reflecting
the presence of structural water and possible hydrated phases. The red and yellow
colors observed respectively in KR, KB, and BB indicate the presence of oxidized
iron (Fe’*) [37] [38]. The mass ratios Si0,/ALO; of the KR, KB, and BB samples
are respectively 2.13 - 2.85 and 2.93. These mass ratios, ranging between 2 and 4,
show that these three samples are mainly composed of 2:1 type mineral. Indeed,
according to Konan [39], the SiO,/Al,O; mass ratio of 2:1 type materials range
between 2 and 4. Although the SiO,/Al,O; ratios might suggest the presence of 2:1

minerals, the XRD results clearly indicate a dominance of kaolinite in KR and BB.
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This apparent contradiction can be explained by the presence of free quartz, albite,
or other non-clay silicate phases that artificially increase the silica content without

altering the dominant clay mineralogy [40].

Table 2. Mass % composition of oxides in KR, KB, and BB clays.

Oxides (wt%) KR KB BB
SiO2 46.7 49.2 58.9

AlOs 2191 17.24 20.07

Fe;Os 16.85 9.26 3.68

K.O 0.86 1.67 1.49

Na:O 0.17 1.21 0.31

MgO 1.16 1.90 0.20
Organic matter (%) 0.02 0.06 0.00
TiO: 1.03 0.76 0.69

CaO 0.04 1.23 0.00

P20Os 0.04 0.07 0.03
LOI (Loss on ignition) 9.00 5.25 10.24
Si02/ALOs ratio 2.10 2.89 2.89

3.3. X-Ray Diffraction

Figure 2 shows the X-ray diffraction (XRD) pattern of the raw clays.
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Figure 2. XRD patterns of raw clays (fraction = 63 pm): Quartz (Q), Kaolinite (K), Albite
(A), Muscovite (Mu), Goethite (G), Illite (I) and Montmorillonite (Mt)
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In the three spectra, the characteristic peaks of kaolinite appear at 7.16 A (2=
12.35°) and at 3.55 A (26 = 25.05°). The presence of goethite was also detected in
all three samples, with a peak located at 2.45 A (20= 36.6°). Albite is identified by
a peak at 3.68 A (20=24.13"). Other non-clay minerals, considered as impurities,
are also present. Thus, for the KR, BB, and KB samples, quartz is highlighted by
peaks at 4.23 A (20 =20.96") and at 3.33 A (26 = 26.75"). The XRD spectrum of
the KB sample additionally reveals the presence of illite, identified by peaks at 9.83
A (20=8.98"),4.95 A (26=17.90"), and 4.23 A (20=20.95"), as well as montmo-
rillonite, detected by a peak at 14.18 A (26= 6.23°). Finally, muscovite is identified
in the KR and BB samples, with a peak located at 9.92 A (26=8.91").

3.4. Mineralogical Composition

The mineral proportions were estimated using a semi-quantitative approach
based on the relative intensity of the characteristic peaks of the phases identified
on the XRD diffractograms. (Table 3). Kaolinite is the main clay mineral in both
the KR and BB samples, with proportions ranging between 37.20% and 47.63%,
while montmorillonite is the main mineral of KB. All clays also contain albite and
goethite (between 1.44% and 10.23%; 4.09% and 18.75%, respectively), whereas
montmorillonite and illite were detected only in the KB sample, where they reach
24.71% and 14.82%, respectively. The low goethite content (4.0%) in the BB1 sam-

ple explains its white color.

Table 3. Mineralogical percentages of the clays.

Samples % Albite
KR 1.44
KB 10.23
BB 2.62

% Goethite % Muscovite % Montmorillonite % Kaolinite % Illite % Quartz
18.75 7.28 - 47.63 - 19.73
10.3 - 24.71 10.65 14.82 15.73
4.09 12.62 - 37.20 - 33.28

Numerous studies have shown that montmorillonite-type clays have high spe-
cific surface areas as well as significant cation exchange capacity, giving them ad-
sorption performance that is markedly superior to that of kaolinites [8] [41] [42].
This difference is mainly attributed to their 2:1 type crystal structure, character-
ized by isomorphic substitutions within the tetrahedral and octahedral sheets, gen-
erating a permanent negative charge compensated by exchangeable cations (Na*,
Ca*, Mg*"). Furthermore, the presence of iron oxyhydroxides, notably goethite,
significantly contributes to the enhancement of the adsorptive properties of clay
matrices [3]. The work of Aké et al [7] thus observed that kaolinites rich in goe-
thite exhibit an increased phosphate adsorption capacity.

Moreover, the presence of iron oxyhydroxides, notably goethite, contributes
significantly to the improvement of the adsorptive properties of clay matrices [6].
The work of Aké et al [7] showed that kaolinites enriched with goethite exhibit
an increased phosphate adsorption capacity, due to the strong affinity of the sur-
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face hydroxyl groups of iron for oxygen-containing anions. The adsorptive per-
formance observed in the studied samples results from the synergistic action of
several complementary mechanisms. Ion exchange constitutes a major mecha-
nism, particularly pronounced in the KB sample containing 24.71% montmoril-
lonite. The permanent negative charges resulting from isomorphic substitutions
are compensated by exchangeable interlayer cations. In aqueous solution, these
cations can be replaced by dissolved metal species, which explains the high cation
retention capacity observed for this sample [43].

Electrostatic interactions depend closely on the pH of the medium and the pH
at the zero-charge point (pHzcp). When the pH is higher than the pHzcp, the sur-
face of the adsorbent acquires an overall negative charge, promoting the adsorp-
tion of cationic species through electrostatic attraction. Conversely, when the pH
is lower than the pHzcp, the surface becomes overall positive, which favors the
binding of anions. This mechanism mainly occurs in the non-specific retention of
ionic species [44]. Finally, in the KR sample, characterized by a high content of
Fe;03 (16.85%) and goethite (18.75%), surface complexation plays a decisive
role. The hydroxyl groups of iron oxides and oxyhydroxides participate in co-
ordination reactions with dissolved species, according to a general type of mech-

anism:
=Fe—OH+M* > =Fe—-OM"' +H"

This process leads to the formation of inner-sphere complexes, reflecting a more
specific and stable binding of metal cations as well as oxygen-containing anions,
notably phosphate. Unlike purely electrostatic interactions, these bonds involve
electron sharing and confer greater thermodynamic stability to the adsorbed spe-
cies [45]. Ultimately, the adsorptive efficiency of the studied materials is closely
controlled by their mineralogical and chemical composition. Montmorillonite
mainly promotes ion exchange and electrostatic adsorption, while the presence of
ferriferous phases such as goethite enhances specific binding through surface com-
plexation. The complementarity of the physico-chemical mechanisms involved
could explain the differences in adsorption potential observed between the KB and
KR samples [43] [46].

3.5. Morphological and Microstructural Analysis

The images of KR, KB, and BB clays are shown in Figure 3. Analyses reveal the
presence of kaolinite, identified in the form of stacked pseudo-hexagonal platelets
[47]-[50], often disordered, particularly in iron-rich samples. This morphology is
typical of poorly crystalline kaolinites, but also of illites [51] [52]. Furthermore,
notable amounts of swelling minerals, such as montmorillonite, as well as quartz,
have also been confirmed. Images from electron microscopy show fine aggregates
and rods with irregular contours, illustrating the complexity and diversity of the
assemblages present in these clay materials. These results provide important in-

sight into the nature and potential of local clay resources.
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Figure 3. Scanning electron microscopy of KR, KB, and BB clays.

EDS analysis confirmed the chemical composition of the samples (Table 4),
dominated by silicon and aluminum, elements characteristic of phyllosilicates.
However, the KR sample stands out for its high iron content (17.90%), which en-
hances its capacity to complex certain organic pollutants. The KB sample, on the
other hand, shows an enrichment in exchangeable cations (K, Ca, Mg, Na), pro-
moting physicochemical interactions with molecules. These observations are con-
sistent with the results of Bohm et al, who demonstrated that the nature of ex-
changeable cations in phyllosilicates strongly influences the adsorption of hydro-
phobic organic pollutants such as hexachlorobenzene (HCB) [53]. In contrast, BB,
although rich in silicon, exhibits low contents of iron, magnesium, and organic
matter, reflecting a relatively inert structure. Thus, the comparison of granulo-
metric, physico-chemical, and elemental data highlights the generally superior ad-
sorbent potential of KR, followed by KB. BB appears to be the least effective, due

to its low surface activity and a poorly reactive mineralogy.

Table 4. EDS analysis of the atomic composition of clays.

Samples Si Fe Al K Ti Mg Mn Na Ca
KR 48.21 17.90 28.16 2.40 1.23 1.66 0.25 0.20 0.00
KB 53.21 13.16 22.38 3.73 0.89 2.99 0.00 1.79 1.85
BB 61.42 9.32 24.28 4.47 0.41 0.00 0.00 0.00 0.09

3.6. Thermal Analyses

The thermal analysis curves of the three samples (BB, KB, and KR) shown in Fig-
ure 4 display similar profiles.

On the derivative thermogravimetry (DTG) curves, two major peaks are ob-
served: The first peak, located between 25°C and 200°C, is attributed to the loss of
hygroscopic water, consisting of water molecules adsorbed on the surface of the
minerals [54] [55]. The release of this water does not cause any modification of
the crystalline structure of the material [56]. The second peak, located around
400°C, corresponds to the dehydroxylation of kaolinite. This dehydroxylation
leads to the formation of metakaolinite, according to the chemical reaction [57].

Si,AL,0; (OH), - Si,ALO, +2H,0

SEM observations show that the surfaces of the samples are made up of aggre-
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gates of clay sheets with a pseudo-hexagonal shape, exhibiting various degrees of
alteration. EDS analysis indicates a high iron content on the surface, which could
favor the rapid dehydroxylation of kaolinite into metakaolinite around 400°C.
These results suggest that the chemical composition and morphology of the sheets
directly influence the thermal behavior of clays. Recent studies indicate that the
dehydroxylation of kaolinite begins at temperatures of about 350°C, 400°C, 450°C
and continues up to 500°C, 600°C, which is consistent with our experimental re-
sults [58]. These two phenomena result in significant mass losses on thermograv-
imetric analysis (TGA) curves, indicating the main stages of dehydration and clay

de-structuring during heating.
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Figure 4. Thermograms (TGA and DTG curves) of the KR, KB, and BB.

3.7. Fourier Transform Infrared Spectroscopy

The analyses were carried out in the wavenumber range from 600 to 4000 cm™.
The main bands observed in the spectra are shown in Figure 5.

The Fourier-transform infrared (FTIR) spectra of the KR and BB samples reveal
similar spectral profiles. In the high-frequency region (3500 - 4000 cm™), three
weak bands are observed at 3690, 3649, and 3619 cm ™, while the KB sample shows
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two bands located at 3697 and 3620 cm™'. These bands are characteristic of the
stretching vibrations of the structural hydroxyl groups (~OH) of kaolinite, ac-
cording to the assignments proposed by Victor et al [59]. The bands at 3690 -
3697 cm™ and 3649 cm™ are associated with the so-called external hydroxyls, lo-
cated in the interlayer space, while the one at 3619 cm™, common to all samples,
corresponds to internal hydroxyls linked to the central octahedral plane of kao-
linite [60].

Wavenumber (cm )
3100 2600 2100

3600 1600 1100 600

T

|

Intensity

3697 dmmmmmm
L) —

BPER —

Figure 5. IR spectra of BB, KB, and KR.

In the intermediate region (700 - 1800 cm™), the spectra reveal bands related to
the vibrations of the tetrahedral SiOs network, the deformations of hydroxyl
groups, and adsorbed water [61]. Medium-intensity bands appear at 685, 735 -
754, and 783 - 791 cm™, typical of kaolinite-type clays, and attributed to vibrations
of OH perpendicular to the surface or to translational movements [47] [60]. A
strong band at 908 cm™, common to all three samples, indicates the deformation
vibration of internal ALOH groups [60]. Bands observed at 1622 cm™ for KB and
at 1632 cm™ for KR and BB correspond to the deformation vibrations of OH from
adsorbed water [6]. Finally, the strong bands recorded at 989, 998, 1007, 1021,
1025, 1106, and 1125 cm™ correspond to the stretching vibrations of Si-O bonds,
relating to the silicate structure of the clays [61].

3.8. Adsorption Properties

The pH at the zero-charge point (pHzcp) of the adsorbents, corresponding to the
pH at which the net surface charge is zero, was determined by identifying the in-
tersection of the curves of initial and final pH variation (Figure 6 and Table 5).
The obtained values are 6.1 for KR, 5.3 for KB, and 5.4 for BB. This parameter is
influenced by the nature of the functional groups present on the surface of the
samples. When the pH of the medium is below the pHzcr (pH < pHzcp), the surface

of the adsorbent is positively charged, thereby promoting the attraction of anionic
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pollutants to the surface of the adsorbent [62], and when the pH of the solution is
above the pHzce (pH > pHzcp), the surface of the adsorbent is negatively charged,
which promotes the attraction of cationic pollutants to the surface of the adsor-
bent [51] [63].

—=—KR
—o—KB
24 —A—BB
14
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=
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o
_2_
73_
74_

Figure 6. Effect of the variation of the pH of the aqueous solution on KR,
KB, and BB clays.

The methylene blue index is another parameter commonly used to evaluate the
adsorption capacity of materials. This parameter is related to the macro- and mes-
opore capacity of the material [64] [65]. This index defines the large pores (<50
nm) and is used as a guideline to assess the capacity of an adsorbent for larger
molecules. Therefore, the methylene blue index provides information on the
macroporosity of adsorbents [24]. The methylene blue index values of the studied
clays are presented in Table 5. They remain relatively constant, around 330 mg-g™*
for all samples. This slight variation suggests a fairly homogeneous distribution of
mesopores and external surfaces among the different types of clay studied, regard-
less of their origin [66]. Furthermore, for all samples, the iodine index values (Ta-
ble 5) are higher than the methylene blue adsorption capacity values. These results
indicate a predominance of micropores over macropores in the samples, thus sug-

gesting that the clay materials studied are essentially microporous [64].

Table 5. Adsorption properties.

Iodine index Methylene blue index
-1 -1 PHch
(mg-g™) (mg-g™)
KR 593.55+ 0.2 320.21 £ 0.065 6.1 £0.1
KB 511.50 £ 0.15 329.54 £+ 0.005 5310.2
BB 505.03 £ 0.1 329.99 £ 0.025 5410.2
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In comparison with international studies, the adsorption capacities of natural
clays vary greatly depending on the mineralogy, applied treatments, and experi-
mental conditions. Some natural clays have shown high performance for meth-
ylene blue, reaching 456.6 mg/g in alkaline medium, while purified or activated
clays can display even higher values (=681 - 1383 mg/g), due to an increased spe-
cific surface area and cation exchange capacity [67] [68].

Furthermore, the Ivorian clays studied exhibit a high iodine value (~505 - 593
mg/g), indicating well-developed microporosity and an adsorption potential com-
parable to that of certain potential natural clays. The iodine value values obtained
are also comparable to those reported for some natural clays used as adsorbents
(500 - 700 mg/g) [25]. However, these values remain lower than those observed
for activated clays or activated carbons [25]. From a mineralogical perspective, the
presence of smectite in KB could explain its relatively high adsorption potential,
as reported in several studies showing that 2:1 clays have a higher adsorption ca-
pacity than kaolinites, due to their larger specific surface area and high cation ex-
change capacity. Furthermore, the iron oxides present in KR could also contrib-
ute to the potential for anion adsorption by forming surface complexes, thereby
strengthening the mechanisms of interaction with certain pollutants [7] [69].

Such a structure promotes the adsorption of both small molecules and larger
organic compounds, thus confirming the potential of the studied clays for a wide

range of organic pollutants [70].

4. Conclusion

The physico-chemical, mineralogical, and morphological investigations conducted
on the three Ivorian clays (KR, KB, and BB) made it possible to establish clear
correlations between their composition and their adsorptive performance. The re-
sults show a predominance of kaolinite in KR and BB, whereas KB is characterized
by a significant proportion of montmorillonite and illite. The notable presence of
goethite, particularly in KR, gives this sample an iron-rich enrichment that could
influence surface interaction mechanisms. The adsorptive properties, assessed
through jiodine and methylene blue indices and the pH at the point of zero charge,
reveal variable performances depending on the mineralogical nature and chemical
composition. KR exhibits the best micropollutant adsorption capacity, attributed
to its richness in active phases and iron oxides. KB also shows an interesting po-
tential, linked to the presence of 2:1 minerals and exchangeable cations that favor
ion exchange mechanisms. In contrast, BB, richer in silica and less concentrated
in reactive phases, exhibits relatively more moderate performances. These results
confirm the potential for valorizing local clay resources in contaminated water
treatment processes. The observed differences pave the way for a targeted use of
these materials depending on the type of pollutant to be removed. However, phys-
ical or chemical activation treatments could be considered to improve their sur-
face properties and optimize their adsorption capacities with a view to larger-scale

application.
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