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v' Adsorption, tested for the removal of safranin. The photocatalytic tests were carried out with a
v' Titanium dioxide; polychromatic lamp. The residual concentrations of the dye were measured by UV-

visible spectrophotometry. The adsorption results showed after 420 min (7 h) of
contact, elimination rates of approximately 43 %, 40 % and 57 % respectively with
the simple clay, the clay impregnated with TiO2and the clay/TiO for a concentration
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TiOz could be promising for the remediation of colored water.
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1. Introduction

Environmental pollution caused by industrial waste discharges, such as synthetic dyes, represents a
serious global problem (Albuquerque et al., 2021) . These synthetic dyes are toxic and their presence
in the hydrosphere can have dangerous consequences for aquatic life, reducing the penetration of
sunlight and inhibiting certain photochemical reactions (Yusuf et al., 2017) . Several wastewater
treatment technologies have been developed, including physical, chemical and biological methods, to
reduce the concentration of dyes in industrial wastewater before discharge into water bodies (Krepska
et al., 2016; Jodeh et al., 2018; Krishna et al., 2021; Aaddouz et al., 2023; Abu Rub et al., 2023). The
textile, leather tanning, cosmetics, pigment and many other sectors industries rely heavily on dyes as
the main raw material (Mohan et al., 2008; Tkaczyk et al., 2020), but poor management waste leads
to water pollution (Krishna et al., 2021). Among the most used dyes, safranin is a water-soluble
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cationic dye with wide applications in the textile and pharmaceutical industries, but can severely
damage the environment and human health (Elsherif et al., 2021; Naghipour et al., 2023; Ahmed et
al., 2023). Common treatment methods for these effluents include aerobic or anaerobic
bioremediation, chemical oxidation, ion exchange, ozonation, Fenton reagent, membrane filtration,
electrokinetic coagulation, irradiation and electrochemical degradation (Garg et al., 2019). Although
researchers have developed various dye removal methods, the limited performance of these
techniques requires the development of new low-cost dye removal approaches (Peramune et al.,
2022). The search for innovative treatment processes, both economical and environmentally friendly,
therefore constitutes a major challenge in the field of water treatment. Photocatalysis using suspended
titanium dioxide (TiO2) has shown promise for the degradation of chemical contaminants present in
aqueous media (Gaya and Abdullah, 2008; Chong et al., 2010). However, its application is limited by
the presence of TiO: particles in suspension at the end of the treatment. Thus, the use of natural
materials such as clay for the adsorption of dyes has attracted increasing interest in the field of
contaminated water treatment (Garcia et al., 2023). The coupling of adsorption and photocatalysis
seems to be a promising approach to optimize these two techniques in the treatment of dyes. The
development of new photocatalytic materials aimed at improving the performance of existing
catalysts in the near ultraviolet and visible light represents a major challenge for fundamental research.
The objective of this study is to evaluate the photocatalytic efficiency of TiO: fixed on a clay support
in the elimination of safranin in aqueous media.

2. Methodology

2.1 Chemical products

The commercial “safranin” solution of purity (99 %) used is marketed by Sigma-Aldrich.
Concentrated sulfuric acid (H2SO4) with a purity of 95-98 %, as well as acetone with a purity of 100
%, come from Prolabo. The dilution solvent used is 99% purity ethanol. All solutions were prepared
with distilled water obtained from a distiller. Titanium dioxide (TiO2) comes from Degussa.

HaC Nag CHs
T X
HoN N NH,
2.2 Origin of clay material

The clay used comes from the Haut-Sassandra region, located in the center-west of Cote d'lvoire, more
precisely from the town of Daloa. It was taken from the bottom of a well and then transported to the
laboratory.

2.3 Preparation of clay materials

2.3.1. Simple clay balls

The process of manufacturing clay balls is described in two stages (figure 1). The raw clay was first
ground in a porcelain mortar to obtain a powder. This was then sieved on a Retsch brand electric
sieve. The fraction of clay with a diameter between 45 pum and 125 pum was selected to manufacture
the beads (Step 1). Beads of approximately 0.3 cm in diameter were shaped by hand, then dried in an
oven at 105 °C for two days. They then underwent calcination at 500 °C for 2 hours to eliminate all
residues of organic matter (Step 2).
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2.3.2. TiO2 coated beads

A portion of the previously calcined beads (Step 2) was impregnated in a solution of 0.5 g/L of TiO>
for 24 hours so that their entire surface was completely covered. They were then calcined at 400 °C
for 2 hours (Step 3) (Figure 2).

Step 1 Step 2

Figure 1. Simple clay ball manufacturing process

Step 2 Step 3
Figure 2. Manufacturing process for TiO2 coated beads

2.3.2. Beads containing TiO-

The beads containing TiO2 were made using a clay-TiOz ratio of 50 %. For this, 50 g of clay powder
were mixed with 50 g of TiO2 powder (Step 1). Then, 40 mL of distilled water was added to this
mixture to form a mixed clay/TiO> paste. Balls of approximately 0.3 cm in diameter were shaped from
this paste then dried in an oven at 105°C for two days. They were then calcined in the oven at 400 °C
for 2 hours (Step 2) (Figure 3).

Step 1

Figure 3. Manufacturing process for beads containing TiO>
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2.4. Experiences
2.4.1. Adsorption tests
2.4.1.1. Adsorption rate

The results expressed in terms of adsorption rate (% adsorption) of safranin on the clay balls are

obtained by Eqn . 1:
Ci

-C
Adsorption rate (%) = L %100 Eqn.1
i

c

with: C i : initial concentration of safranin (mg/L ), C ¢: residual concentration at equilibrium (mg/L)

2.4.1. 2. Quantity adsorbed

The quantity of safranin adsorbed expressed in mg/g of solute per gram of adsorbent solid is given by
Eqn.2:

Qt:%*v Eqn.2

Q t: Quantity of safranin adsorbed per unit mass of clay (in mg/g ), C o: Initial concentration of safranin
(mg/L), C 1: Residual concentration at equilibrium (mg/L), V: Volume of the adsorbate (L), m: mass

of clay (9)

2.4.1.3. Effect of contact time

5 g of each type of clay beads are placed in mini-reactors containing 50 mL of the safranin solution
with a concentration of 7 mg/L. Samples are taken at regular time intervals. The samples taken are
analyzed with a UV-visible spectrophotometer to measure the residual concentration.

2.4.1.4. Effect of clay ball mass

Adsorption tests were carried out in mini-reactors containing 50 mL of safranin solution with a
concentration of 7 mg/L to which different masses of clay beads (2 to 10 g) were added for a contact
time of 420 min (7 hrs). Samples are taken and analyzed with a spectrophotometer.

2.4.1.5. Effect of initial concentration

Different safranin solutions of varying concentrations (1, 3, 5, 7 and 8 mg/L) were prepared in 50 mL
mini-reactors at room temperature and at the pH of the solution. To each solution is added a mass of
clay balls optimal for a contact time of 420 min (7 h). Samples are taken and analyzed with a
spectrophotometer.

2.4.2. Photocatalysis tests

The irradiation device used is a ramp equipped with a light source under which 50 mL quartz mini-
reactors are placed. The polychromatic lamp with a wavelength A > 285 nm is positioned 20 cm above
the mini-reactors. Samples are taken at precise time intervals (0; 30; 60; 120; 180; 240; 300, 360 and
420 min) and analyzed with a UV-visible spectrophotometer to measure the residual concentration.
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2.4. 3. UV-visible spectrophotometry

The discoloration of the safranin solutions was monitored using an AQUALYTIC 800 brand UV-
visible spectrophotometer (AL 800). The maximum absorption wavelength of safranin was
determined to be 520 nm.

3. Results and Discussion

3.1 Adsorption kinetics of safranin on clay beads

3.1.1. Effect of contact time

Figure 4 shows the adsorption of safranin on the three types of materials. These results indicate that
after a contact time of 360 min, an equilibrium phase is obtained corresponding to the saturation of
the sites available on the surface of the materials. At this equilibrium time, a greater adsorption is
observed with the clay/TiO2 material (53 %) followed by the simple clay (43 %) and the material (clay
+ TiO2) (40 %). The increase in the adsorption rate with clay beads containing TiO2 could be explained
by the presence of TiO> in the structure of the clay which increases the number of active sites (Manova
et al., 2010 ; Asfaram et al., 2017) . The low elimination rate obtained with the clay balls soaked in
the TiOz solution would be due to the occupation by the TiO2 particles of the attachment sites on the
surface of the balls, thus reducing the number of sites available for the safranin molecule.
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Figure 4. Adsorption kinetics of safranin on different materials
mass=5¢g,Co=7mg/L, T=25°C

Figure 5 shows the quantities of the dye adsorbed on the different materials. The quantities adsorbed
on the simple clay balls and those soaked in the TiO solution are approximately 0.03 mg/g slightly
below those obtained with the clay/TiO, material (0.04 mg/g). These results are in accordance with
those obtained previously. There is therefore a limit beyond which increasing the contact time no
longer leads to a significant increase in adsorption capacity (Fayazi et al., 2015). Once all adsorption
sites of the material are occupied by the dye molecules, there is no further improvement in adsorption
kinetics. Therefore, it is essential to determine the optimal adsorption time in order to achieve
maximum efficiency while minimizing processing costs (Ain et al., 2020 ; Liu et al., 2023).
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Clay/TiO2 0,04
Clay +TiO2 0,03
Clay only 0,03

Figure 5. Quantity of safranin adsorbed on the different materials
m=5¢g,Co=7mg/L, T=25°C

3.1.2. Effect of clay ball mass

The evolution of the safranin adsorption rate as a function of variation in the mass of the clay beads
is illustrated by Figure 6. An increase in the dye removal rate is observed with increasing mass of
each material. Thus, for a mass of 10 g, adsorption rates of 71 %, 72 % and 60 % were obtained
respectively on simple clay, clay/TiO2 and clay+TiO, beads. These results could be explained by the
fact that the increase in the mass of the adsorbent leads to an increase in the adsorption sites and the
surface area brought into contact (Harrou et al., 2020 ; Mundkur et al., 2022).

100 - = Clay only
mClay+TiO2
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Figure 6 . Adoption rate of safranin depending on mass materials ; Co =7 mg/L, T =25°C

3.1.3. Effect of initial concentration

Figure 7 shows the evolution of the percentage of dye removal as a function of concentration. It can
be seen that the adsorption rate increases with the initial concentration up to a dye concentration of 3
mg/L for all three materials. These results could be explained by the fact that the increase in the initial
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concentration provides a significant driving force which accelerates the diffusion of the molecule
across the surface of the adsorbent (Dhafir et al., 2014 ; Awad et al., 2019). Beyond this concentration,
the adsorption rate decreases, thus showing saturation of the sites available on the surface of the
materials (Bulut and Aydin, 2006 ; Paul et al., 2012). The dye removal percentages obtained at this
concentration (3 mg/L) were approximately 47.40 %, 42.46 % and 57 % respectively for simple clay
beads, clay beads + TiO2 and clay/TiO2 balls.
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Figure 7. Safranin adsorption rate as a function of initial concentrationm =59, T =25 °C

3.2. Photocatalysis tests
3.2.1. Kinetics of photocatalytic degradation

Two safranin solutions with a concentration of 7 mg/L, one of which containing the material
(Clay+TiO.) and the other the material (Clay/TiOz), were irradiated under a polychromatic lamp of
wavelength A > 285 nm. The results are presented in Figure 8. This figure indicates that after 420 min
(7 h) of irradiation, approximately 68 and 76 % of the dye were degraded by the (Clay+TiO2) and
(Clay/Ti0O,) processes, respectively.
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Figure 8. Kinetics of safranin degradation in the presence of composites
clay+TiOzand Clay/TiO2; Co=7mg/L,m=59, T=25°C
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The degradation speed is therefore greater in the presence of the material (Clay/TiO). But in both
cases, we observe a greater elimination of safranin compared to adsorption on simple clay (43 %).
These results reveal that these hybrid materials improve photocatalytic activity. In fact, the dispersion
of TiO2 on the clay surface increases active sites around adsorbed molecules, which increases the
interaction with the photo-produced active species making degradation faster (Bencherai and
Boumendjel, 2013). Based on previous work, one of the common effects that has been observed during
photocatalyst integration in clays is the bandgap increment of the composite compared to the intact
photocatalyst (Peng et al., 2016 ; Sohrabnezhad et al., 2016). These authors used the LaFeOs
/montmorillonite composite for the degradation of Rhodamine B (RhB) under visible light irradiation.
For this composite, the bandgap energy was 2.24 eV, higher than that of FeOz alone (2.15 eV).

3.2.2. Influence of parameters on the kinetics of safranin degradation
3.2.2.1. Effect of mass of composite material

Figure 9 illustrates the evolution of the degradation kinetics of the dye as a function of the mass of
the composite material. The degradation rate increases with the mass of the hybrid material.
Degradation rates of approximately 84 and 92 % were obtained respectively with the clay+TiO, and
clay/TiO, material for a mass of 10 g. The discoloration is greater and faster in the presence of the
clay/TiO2 mixture. These results show that mixing clay with titanium dioxide makes the surface of
the material more photo-reactive.
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Figure 9. Effect of mass on safranin degradation rate
Co=7mg/L, T=25°C
3.2.2.2. Effect of initial concentration

Figure 10 presents the influence of the initial concentration on the degradation kinetics of the dye in
the presence of each composite material. In each case, there is a decrease in the rate of degradation of
the molecule with increasing concentration. The highest degradation percentages were obtained for a
concentration of 1 mg/L, i.e.,, 81 % and 93 % respectively with the clay+TiO2 and clay/TiO:
composite. These results could be explained by the fact that increasing the initial concentration leads
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to a decrease in the transparency of the solution, which limits the ability of light to interact with the
safranin molecule (Sun et al., 2015). . These results are in agreement with those of Reza et al. (2019),
who also observed a decrease in the degradation rate as a function of initial concentration during the
photocatalytic degradation of violet-3B dye.
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Figure 10. Effect of initial concentration on degradation rate
safranin,m =59, T=25°C

3.2.2. Comparison of safranin elimination kinetics by the two processes

The comparison of the adsorption and degradation Kinetics presented in Figure 11 reveals an
improvement in the dye elimination process by photocatalysis in the presence of the two types of
composites compared to the adsorption process.

1,2 1,2 1
—e— Photocatalyst (Clay+TiO2) —e—Photocatalyst (Argile/TiO2)
1 Adsorption (Clay+TiO2) 1 —o— Adsorption (Argile/TiO2)
0,8 - 0,8 1
Q0,6 - S 06
0,4 1 04 -
0.2 1 0.2 1
0 1 T 0 ; ;
0 200 400 600 0 200 400
Time (min) Time (min)

Figure 11. Comparison of safranin removal rates by adsorption and by
photocatalysis; Co =7 mg/L; m = 5¢g

The results showed dye degradation rates of 68 % and 76 % respectively with the Clay+TiO2 and
Clay/TiO2 composites. On the other hand, with the adsorption process, elimination rates of 40 % and
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53 % were obtained respectively with the same composites (Clay+TiO2 and Clay/TiO2). These
observations demonstrate the effectiveness of the photocatalytic process in the degradation of safranin
due to the joint action of clay and TiO». These results highlight the photocatalytic activity of the
Clay+TiOzand Clay/TiO2 composites.

Conclusion

The use of hybrid beads composed of clay and TiO2 shows promising potential for the removal of
organic dyes, such as safranin. The experiments demonstrated that these hybrid beads were able to
efficiently adsorb and degrade the dye, with significant removal rates during photocatalysis. The
adsorption of the dye onto the clay beads was observed, showing that these porous adsorbents were
able to retain the dye due to their high adsorption capacity. The addition of TiO2 to the clay beads
improved the photocatalytic performance, allowing faster degradation of the dye. The clay/TiO>
hybrid beads showed higher removal rates than the clay+TiO beads, indicating that the combination
of the two materials had a synergistic effect on dye removal. It emerges from this study that the
clay+TiO2 and clay/TiO. materials can therefore be considered as catalysts with high adsorption
capacity, capable of degrading a pollutant under the effect of UV light. Further research will be
necessary to optimize the composition and properties of these hybrid materials.
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