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Abstract: Titanium dioxide (TiO2) is a widely used photocatalyst for eliminating
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photocatalytic properties. The clay used comes from Katiola in the central northern
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v Titanium dioxide, impregnated in a TiO> (anatase type) and recalcined at 400 °C for 2 h. The raw clay,
v' Characterization, calcined clay and clay-TiO, beads (photocatalyst) were characterized by X-ray
¥ photocatalyst diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron
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impregnated with TiOz, J. Mater. specific surface area varies little with a larger pore volume and larger average pores in
Environ. Sci., 16(1), 163-178. the clay-TiO, composite. This prepared photocatalyst appears to exhibit good

photocatalytic properties under UV irradiation.

1. Introduction

Clay is one of the most widespread materials on the earth's surface and is available in many parts
of the world (Ito and Wagai, 2017). This is the case, for example, in the Ivory Coast, where the Society
for Mining Development (SODEMI) revealed the presence of numerous clay deposits dominated by
kaolinites between 1964 and 1968 (Emeroua, 1993). The studies carried out on these materials
highlight the importance of clay in different parts of the country. Indeed, because of its availability and
abundance, it is used in many ways, particularly for craft activities (Touré and Kouassi, 2017; Abo et
al., 2023). Today, faced with natural or man-made pollution of water resources, many researchers are
more interested in eliminating identified pollutants using appropriate materials such as clay. Because
of its mineralogical and physicochemical properties, clay is used as an adsorbent for environmental
remediation, particularly in aqueous environments (N'guettia et al., 2019 ; Kedi et al., 2021 ; Soro et
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al., 2023). In this context, its application sometimes requires improving its performance through the
activation process (Djelloul et al., 2014). Even when activated, various problems arise during its use
such as the processing time, which is fairly long. In some cases, it varies from 200 minutes to several
hours (N'guettia et al., 2019 ; Soro et al., 2023), therefore a major concern. Furthermore, as the
pollutant is not degraded, subsequent treatment is necessary, hence combining adsorption with a
degradative process such as heterogeneous photocatalysis (Jaafar et al., 2019 ; Ainane et al., 2021; El
Miz et al., 2024). Like clay, titanium dioxide used as a catalyst in the photocatalytic degradation
process also presents serious problems, in particular, the economic loss in terms of catalyst recovery
and recyclability for possible reuse. In addition, TiO. particles tend to aggregate, resulting in low
adsorption capacity and low utilization of active sites (Shahid et al., 2015; Alshahateet et al., 2024;
Abouri et al., 2024). However, one of the major challenges in this field concerns the reduction of
treatment time and the degradation of refractory compounds (Dia et al., 2016; Zaaboul et al., 2024).
Current treatment techniques involve a combination of chemical (photocatalysis) and physical
(adsorption) methods (Fazal et al., 2020). The combination of these techniques involves fixing the TiO;
on an adsorbent material, thus avoiding energy and time-intensive microfiltration at the end of the
treatment process (Sraw et al., 2018). With this in mind, clays are receiving increasing attention as
TiO> carriers because they are capable of adsorbing organic substances on their external surfaces as
well as in their interlamellar spaces (Behilil et al., 2020 ; N'guettia et al., 2023). However, before
considering using such materials, it seems necessary to know their properties.

This study aims to develop a material combining natural clay and TiO2 with photocatalytic
properties.

2. Materials and methods

2.1 Geographical location of the clay quarry

The clay used comes from Katiola, a commune located in the Hambol region in the centre- north of
Cote d'lvoire. Samples of clay material were taken at the respective coordinates (8°08'15" North
latitude and 5°37'47" West longitude) and (8°08'22" North latitude; 5°37'41" West longitude) shown
in Figure 1.

2.2 Sampling and pretreatment of clay material

The raw clay was taken from two potters’ sites in the said commune. The samples were taken at
different levels to ensure that they were representative. The samples sent to the laboratory were dried
at room temperature, then crushed, sieved and placed in boxes for identification.

2.3 Preparation of the supported clay-TiO»

The clay-TiO2 supported photocatalyst material was prepared according to the following protocol:
following pre-treatment, the clay fraction with a diameter between 45 and 125 pm was used to make
clay beads. To do this, 50 mL of distilled water is added to 100 g of clay powder. The mixture is mixed
by hand until the desired consistency and uniformity is achieved. The result is balls with a mass of
between 0.25 and 0.28 g and a diameter of approximately 0.5 cm. They are dried in an oven at 60°C
for 48 hours and then calcined in an oven at 500°C for 2 hours at a rate of 5°C/min. A TiO suspension
(anatase type) was then prepared by dissolving 10 g of TiO, powder in 500 mL of distilled water. The
mixture is homogenised using a magnetic stirrer for 2 hours to obtain a good dispersion of the titanium
particles. The clay beads prepared previously were soaked completely in the suspension and left there
for 12 hours for complete adsorption of the catalyst. They were then dried in an oven at 100°C for 1
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hour, then calcined at 400°C for 2 hours at a rate of 5°C/min. The beads were impregnated twice using
the same process (Kaur et al., 2018). After washing with distilled water to remove the fraction of TiO>
not adhered to the clay, they were dried at 100°C for 1 h and stored for use. Figure 2 shows the steps
involved in preparing the photocatalyst (clay-TiOy).
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Figure 2: Preparation steps of the supported photocatalyst (clay-TiOy)

2.3 Characterisation of calcined clay and the clay-TiO2

2.3.1 Humidity rate

Moisture content measurement is used to determine the mass of water eliminated by drying a moist
material to a constant mass at a temperature of 105 + 5°C for 24 hours. This parameter was determined
on calcined and modified clay. A mass (mi) of 1g of clay is weighed into a crucible. The whole is dried
and then the mass (my) of the clay is determined. The moisture content is calculated using the following
formula:

myq—mp

H(%) = «100 (Eqn. 1)

With :

H (%): moisture content in percent,

m1 (g): mass of clay at room temperature before drying,
m2 (g): mass of clay heated to 105°C for 24 hours.

N’zue et al., J. Mater. Environ. Sci., 2025, 16(1), pp. 163-178 165



2.3.2 Loss on ignition

The weight loss expressed as a percentage (%) is the weight loss of a sample after calcination at
1000°C, compared to the initial weight. It indicates the quantity of products likely to decompose or
volatilise during firing. The loss on ignition was measured on calcined clay and modified by placing a
quantity of 1 g of clay (mi) in a previously tared porcelain crucible. The assembly (crucible + clay)
was then placed in a kiln, and the temperature was gradually increased to 1000°C for 2 hours, after
which the mass mf was measured. The following relationship determines the value of the loss on
ignition:

LOI(%) ==L+ 100 (Eqn.1)

With :

mi: initial mass (g),

mf: final mass (g),

LOI: loss on ignition (%).

2.3.3 X-ray diffraction (XRD)

XRD analyses were carried out on all samples using a D8 ADVANCE (BRUKER AXS) equipped with
a copper source and a LYNXEYE XE-T linear detector. This energy-discriminating detector eliminates
the Kbeta line without using a nickel filter and attenuates the fluorescence phenomena influencing the
signal-to-noise ratio. The angular range was in 2 6 between 3° and 65° for a step size of 0.024° and a
step time of 1.5 seconds. The analyses therefore lasted approximately 1h 06 min. The support used was
low background silicon to optimise the quality of the baseline. The diffractograms were processed
using HighScore Plus software.

2.3.4 Fourier Transform Infrared (FTIR)

ATR (Total Attenuated Reflectance) spectra were carried out on all types of samples with a diamond
tip, between wave numbers of 650 and 4000 cm™ using a Nicolet iS50 FTIR spectrometer
(ThermoFisher Scientific) and processed with OMNIC software. The spectra were taken without any
preparation of the clay samples.

2.3.5 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) coupled with energy dispersive analysis (EDS) was used to
determine the qualitative chemical composition of the clay samples and observe their pore size and
morphology. The EDS analysis was carried out using the Flat Quad detector at a voltage of 5 KV. The
powder was deposited on a carbon lacquer, which acted as an adhesive and conductive film
simultaneously. The samples were cleaned using the plasma Cleaner.

2.3.6 Elemental analysis by X-ray fluorescence spectrometry

Elemental analysis was carried out using a PANalytical - ZETIUM 2.4 kW X-ray fluorescence
spectrometer (FRX). A quantity (g) of the sample was prepared into a bead to determine the chemical
elements in the whole sample. It is then decanted into a dish to give it its final form, which is glass.
The resulting glass is analysed by X-ray fluorescence.

2.3.7 Measurement of specific surface area by the Braunauer Emett and Teller (BET) method
Specific surface areas and pore volumes were measured using the TRISTAR 2, an instrument dedicated
to the analysis of mesoporous samples by low-temperature nitrogen adsorption (77K). The clay samples
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were degassed under vacuum at 90°C for 240 min, then immersed in liquid nitrogen to measure the
specific surface area.

2.3.7 Point of zero charge (pHpzc)

The pHezc of raw, calcined and modified clay was determined by the pH method (Nwosu et al., 2018).
This involves adding 0.1g of clay to vials containing 200 mL of 0.1 M NacCl solution, the initial pH of
which is measured and adjusted from 1 to 12 using 0.1 M sodium hydroxide (NaOH) or hydrochloric
acid (HCI) solutions. The bottles are closed and shaken for 24 hours, after which the final pH is
measured. The difference between the initial pH (pHi) and final pH (pHf) values is plotted as a function
of the initial pH (pHi). The point of intersection of the resulting curve with the x-axis gives the pHzpc
value.

2.3.8 pH measurement

The pH of raw, calcined and modified clays is measured to determine the nature of their surface. The
pH is determined by adding 100 mL of distilled water to a beaker containing 1g of powder of each type
of clay. The solution was then stirred for 120 min and the pH measured.

3 Results and discussion

3.1 Physicochemical parameters

Table 1 shows the values of the various parameters relating to calcined clay and TiO: clay. The pH
values of 6.5 and 6.7, respectively for calcined clay and TiO: clay reveal the acidic nature of these
materials. This acidity is thought to be due to the mineral matter. The pHpzc values for raw clay,
calcined clay and clay-TiO> are 5.9, 4.2 and 5.5, respectively. Thus, the surface of the materials is
positively charged for a pH < pHezc and negatively charged for a pH > pHpzc (Adesina et al., 2023).
This pH and pHezc values are very close to those obtained in previous studies indicating that Katiola
clay is slightly acidic (Soro et al., 2011; Landi et al., 2019; He et al., 2023). Low moisture (H) levels
are observed, which explains the non-hygroscopic nature of the materials. The loss on ignition (LOI)
values for raw, calcined and clay-TiO are 13.63%, 6% and 5% respectively. The low value (6.5%)
would indicate the siliceous nature of this clay (Landi et al., 2019; He et al., 2023). The lower loss on
ignition value obtained with clay6 TiO, would be linked to the double calcination, which would
probably lead to greater mass loss in this material.

Table 1: Physicochemical parameters of materials

Raw clay
Settings pH pHpzc H (%) LOI (%)
Values 74 5.9 0.99 13.63
Calcined clay
Settings pH PHpzc H (%) LOI (%)
Values 6.5 4.2 05 6
Clay-TiO;
Settings pH pHpzc H (%) LOI (%)
Values 6.7 55 1 5

*LOI : Loss on ignition

3.2 X-ray diffraction (XRD)
Figures 3, 4 and 5 show the diffractograms obtained with raw clay, calcined clay and clay calcined
with TiO.. Examination of these diffractograms shows the presence of clay minerals and crystalline
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phases. In Figure 3 corresponding to the raw clay, peaks of medium intensity are observed. These are
the peak at 20 = 6.2° characteristic of smectite (Mache, 2013) and peaks at 20 = 12.6°, 25° attributable
to kaolinite (Maman et al., 2017). Low intensity peaks characteristic of kaolinite are also observed at
20 =20°, 35° (Cases, 1982 ; Boukhemkhem et al., 2017). Low intensity peaks observed at 20 = 8.9°,
19°, 36°, 45.5° are attributable to micas (illites) (Zaki et al., 2008).
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Figure 3: X-ray diffractogram of raw clay

Peaks identified at 20 = 18°, 21°,31.3°, 62.4° are similar to goethite. The presence of quartz is indicated
by peaks at 20 = 20.8°, 26.7°, 42.5°, 50° (Sei et al., 2004; Zaki et al., 2008). These results show that
the clay used contains mainly kaolinite, which is associated with smectite, illite, goethite, and quartz
as impurities. After calcination at 500°C of the clay samples with or without TiO2 (Figures 4 and 5),
the diffractograms show the disappearance of peaks characteristic of kaolinite.
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Figure 4: X-ray diffractogram of calcined clay
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Figure 5: X-ray diffractogram of clay-TiO-

In fact, studies have shown that dehydroxylation of kaolinite starts at a calcination temperature of
500°C causing alteration of its structure and leading to the formation of amorphous metakaolinite
(Hollanders et al., 2016). There is also a decrease in the smectite and illite peaks. The spectrum of clay-
TiO2 shows the appearance of characteristic anatase TiO2 peaks at values of 20 = 25.5°, 36.5°, 37.5°,
46°, 55°, thus confirming the stability of the clay mineral following treatment at 500 °C.

3.3 Spectroscopy Fourier transform infrared (FTIR)

The FTIR spectra obtained for the three materials are shown in Figure 6. The spectra observed for
calcined clay without and with TiO2 are very similar, in contrast to that for raw clay. The broad
absorption band observed for the raw clay sample between 3,200 and 3,700 cm™ appears to be due to
hydration. The absorption bands observed at 3682.2 cm™ and 3619.9 cm™ are characteristic of
kaolinitic clay minerals. The peak at 3682.2 cm™ is attributed to the elongation vibration (Al-OH) of
the hydroxyl groups on the internal surface and the peak at 3619.9 cm™ corresponds to the elongation
vibration of the internal hydroxyl groups (Al-OH) (Madejova' and Komadel, 2001). The peak located
at 1635 cm™ is due to physisorbed water and is attributed to deformation (8-OH) (Volzone et al., 2006;
Hassan et al., 2011). The peak observed at 992.2 cm™ indicates the presence of quartz and corresponds
to Si-O elongation vibrations.

The band centred at 908.5 cm corresponds to the vibrations of the Al-OH group present in kaolinite.
The peak located at 790.5 cm™ corresponds to the bending vibrations of the Si-O-Si quartz bond (Bouna
et al., 2012) and also of the Fe-OH bond in goethite (Lakshmipathiraj et al., 2006). The absorption
band observed at 748.7 cm™ relates to Si-O-Al bonds (Aarfane et al., 2014). The IR spectra observed
for the calcined samples (calcined clay and clay-TiO.) are similar. The bands located around 3682 cm’
1 and 3619 cm™ disappeared under the effect of calcination, thus showing a disappearance of the
kaolinite from these samples. The band's disappearance at 1635 cm™ indicates the loss of the OH group
of the free water. The dehydroxylation of the samples could explain this during calcination.
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The bands located at 992 cm™ and 908 cm™, originating from Si-O and Al-OH bonds respectively, also
give way to less intense bands located at 1031.9 cm-1 and 1024.2 cm™, attributed respectively to the
TiO2 SiO2 combination (Yang et al., 2013) and to the deformation vibrations of the Si-O-Si bonds of
kaolinite or quartz. These spectra also reveal the disappearance of the bands at 790.5 cm™ and 748.7
cm! reflecting the dehydroxylation of the clay. The results of the infrared spectra confirm the presence
of minerals such as goethite, quartz and kaolinite, which were highlighted during the analysis of the
X-ray diffractograms.

3.4 Scanning electron microscope (SEM)

SEM and EDS analyses were used to explore the microstructure and chemical composition of raw clay,
calcined clay and clay-TiO2 (Figure 7). The morphology of the raw clay (Figure 7A) has a well-
defined book-like structure. Large aggregates of platelets with hexagonal contours and stacked on top
of each other can be observed. According to Adamou et al. (2013), this structure is typical of a classic
kaolinite. However, the stacking shows some defects, probably linked to the presence of other mineral
structures such as quartz, which is observed in the image in the form of small grains. These results
confirm the DRX and IR analyses indicating a significant amount of kaolinite in this clay. Similar
results were obtained on clay samples from Cote d'lvoire, showing that they were mainly composed of
kaolinite (Konan et al., 2007; Konan et al., 2010; Gueu, 2019; Meite et al., 2021; Kouadio et al., 2022;
Soro et al., 2023). The morphology of the calcined clay (Figure 7B) shows disordered structures with
the absence of regular shapes, which would indicate a transformation of kaolinite into metakaolinite
following heating at 500°C. Indeed, it has been shown that the dehydroxylation of kaolinite starts from
a calcination temperature of 500 °C causing the alteration of its structure and leading to the formation
of amorphous metakaolinite (Hollanders et al., 2016). The SEM image (Figure 7C) corresponding to
the clay-TiO., shows a structure where the kaolinite appears to be completely transformed into
metakaolinite due to repeated heating after impregnation of the clay in the TiO2 solution. However, the
presence of TiO> particles in the form of spheroidal grains is confirmed by chemical mapping (Figure
7D).
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Figure 7: SEM micrographs and associated EDS spectra of raw clay (A), calcined clay
(B) and clay-TiO; (C); Chemical mapping of clay-TiO; (D)

The associated EDS spectra indicate that all samples consist essentially of silicon (Si), aluminum (Al),
iron (Fe), magnesium (Mg). In addition, the TiO2 peak observed in the EDS spectrum of the raw clay
appears very intense in that of the photocatalyst (clay-TiOz), confirming the XRD results.

3.5 Elemental chemical analysis
The results of the XRF analysis of the samples are shown in Table 2.
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Table 2: Chemical composition of materials (% by mass of oxide)

Si0;
Al,05

SiO; AlO;s Fe,03 MgO KO TiO; CaO Others LOI Total

Raw clay 4940 29.60 16.20 233 094 063 051 039 13.63 1.67 100

Calcined clay 49.50 29.40 15.60 3.04 0.88 065 048 045 6.00 168 100

Clay-TiO: 4750 28.10 16.10 281 0.88 350 046 065 500 169 100

* LOI: Loss on ignition

According to this table, silica (SiO2), alumina (Al203) and iron oxide (Fe2Oz) are the major constituents
of these samples. Silica and alumina being the predominant minerals indicate the silico-aluminous
character of the clay used (Traoré, 2003 ; Eméruwa et al., 2008). The high proportion of silica (SiO2)
obtained can be attributed to the presence of a large quantity of quartz in this clay. Quartz is known for
its high silica content and is commonly found as an impurity in clay material. The presence of iron
oxide is consistent with the goethite peak on X-ray diffraction patterns. The high content of this oxide
shows that Katiola clay is rich in iron, which is thought to be the reason for its yellow colour (Ségalen,
1969). Magnesium (Mg) is present in small quantities. The presence of K>O and CaO (small quantities)
indicates the existence of illite and smectite respectively in the Katiola clay. These results are in
agreement with those reported by other authors concerning Katiola clay (Kouadio et al., 2022 ; He et
al., 2023). All these elements, except TiO2, have practically the same contents in both the raw and
treated clay. There is an increase in the TiO2 content in the impregnated clay (clay-TiO-). This increase
is thought to be due to the TiO> particles attached to the clay, thus indicating the success of the
impregnation process (Said et al., 2023). The SiO2/Al203 mass ratio is around 1.67, indicating a high
kaolinite content. However, this ratio is higher than the typical ratio of 1.18 found in kaolinites
(Lecomte-Nana et al., 2013). This result can be explained by the possible presence of free quartz in
significant proportions within the clay fraction (Gourouza et al., 2013). These results confirm those of
XRD, IR and SEM.

3.6 Measurement of specific surface area using the BET method

Specific surface areas and pore volumes were measured on samples of raw clay, calcined clay and clay-
TiOz. The nitrogen adsorption/desorption isotherms at 77 K are shown in Figure 8. The curves shown
in this figure show that these isotherms are type Il according to the IUPAC classification. The presence
of point B at these isotherms indicates that monolayer adsorption would occur before multilayer
adsorption, and therefore that monolayer formation occurs followed by multilayer formation. The
hysteresis loop, which does not end with a plateau at high p/po, shows that it is of type Hs. This type of
hysteresis loop observed in the case where the adsorbent forms aggregates, can be attributed to capillary
condensation which takes places in a non-rigid texture and is not characteristic of a defined
Mesoporosity.

It should also be noted that, whatever the type of sample (raw clay, calcined or impregnated in TiO>),
these isotherms show no difference, nor does the type of hysteresis. This means that the preparation
methods adopted, after which these samples were calcined at 500°C and 400°C respectively for clay
alone and clay-TiO3, have no impact on the structural characteristics of the clay used.
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Figure 8: Adsorption and desorption isotherms for nitrogen at 77 K on clay,
(a): raw clay; (b): calcined clay; (c): clay-TiO>

Type Il adsorption isotherms with Hs hysteresis are typical of the materials used, as indicated by
Rouquerol et al. (1999) and obtained by authors such as Wang et al. (2014), Deng et al. (2017) And
Behilil et al. (2020). The structural characteristics of these materials are summarised in Table 3.

Table 3: Structural characteristics of raw, calcined and clay-TiO, samples

Samples BET surface Pore Volume Mesoporous Average pore A
area (m2.g?) volume microporous  volume (cm®g) (ads 4V/A BET)
(cm?®g) (cm?®g)
Raw clay 37.2 0.070 0.002 0.068 75
Calcinedclay 314 0.078 0.002 0.076 100
Clay-TiO, 28.6 0.075 0.000 0.075 112

BET analysis of raw, calcined and clays-TiO2 shows that the specific surface area decreases from 37.2
to 28.6 m2.g’ with an unchangeable microporous volume in raw and calcined clays, but none after
impregnation with TiO». The pore and mesopore volumes are greater in calcined clay and clay- TiO».
The mean pore volume values of these samples are 75, 100 and 112 A for raw, calcined and
impregnated clay respectively. The high pore volume and mesopore volume values for calcined clay
are thought to be related to the calcination temperature. As this material is made up of three types of
water, namely adsorbed, intercalary and structural water, their loss by desorption (evaporation) would
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affect its porosity. At temperatures between 100 and 250°C, the clay loses adsorbed and intercalary
water, followed by the loss of structural water at temperatures above 300°C. These results are similar
to those obtained by Sun et al (2016) and Geng and Sun (2018). According to Sun et al. (2016), the
oxidation and decomposition reaction of organic matter that occurs between 300 and 500°C could also
influence the porosity of this material. The decrease in these pore volumes after the clay has been
impregnated in the TiO2 solution, would be attributed to the attached TiO> particles. According to
Wang et al. (2014), the slight and abrupt increase leading to a stable adsorption state at low relative
pressure isotherms (p/po < 0.1) would indicate the existence of a small amount of micropores. This
observation seems consistent with the results obtained due to the very low proportion of microporous
volume available in raw clay and calcined clay. However, this microporous volume is non-existent in
the TiO: clay, probably due to an obstruction of the pores by the TiO> particles. Like the pore and
mesopore volumes, the calcination temperature also affects the specific surface area. The decrease in
specific surface area initially (before impregnation) could be explained by the sintering process, which
results in agglomeration of the clay particles under the effect of heat. These results are similar to those
obtained by Dietel etal (2017) and Msinjili et al. (2019). We note that the value of the specific surface
of the raw clay obtained is close to that obtained by Kedi et al. (2021). The reduction in specific surface
area observed after impregnation can be explained by the attachment of TiO; particles to the surface
of the clay, thus occupying certain active sites. In the same vein, Bel Hadjltaief et al (2015) indicate
that the decrease in specific surface area and pore volume is linked to the presence of TiO> particles in
the pores of the material. The increase in the average pore of these samples from 75 to 100 A shows
that there is pore creation within the clay due to calcination at 500°C. Then that from 100 to 112 A
would be attributed to pores created in the TiO2 also under the effect of the calcination temperature.
Similar observations were made by Mulewa et al (2017).

Conclusion

The clay-TiO2 photocatalyst was successfully prepared by impregnating calcined clay beads in
an anatase-type TiOz solution. This composite material and samples of raw and calcined clay were
characterised by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM) and EDS mapping analysis. The results of this characterisation identified
kaolinite as the dominant component in the clay material. Also, all these analyses concur to clearly
show nanometric particles of TiO: in the clay structure showing the stability of the clay mineral after
treatment at 500°C. All the properties determined indicate that Katiola clay could produce a composite
material (clay-TiO2) with interesting photocatalytic activity. An experimental study using this
photocatalyst to clean up contaminated water will be the subject of future work.
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