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Abstract: This study investigated the effect of different treat-
ment conditions on kaolinite-halloysite type as a support for
TiO, and their potential application in photocatalysis. These
nanocomposites are used to study the photodegradation of
methylene blue, a dye widely used in the textile industry and
released into the environment. Crystal structure, specific
surface area, pore structure and the morphology of kaolinite
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photodegradation and

were all studied using XRD, attenuated total reflectance (ATR),
Brunauer-Emmett-Teller (BET), scanning electron microscopy
(SEM) and ultraviolet-visible light. The optical band gap
increased with increasing kaolin loading from 2.93 to 3.14 eV.
Compared with pure TiO, photocatalyst, the morphology and
structure of kaolinite/TiO, composites can significantly improve
their ability to adsorb organic pollutants and their photo-
catalytic activity: The photocatalytic efficiency of kaolinite/TiO,
was evaluated by degrading the textile dye methylene blue
(MB) under UV-ight irradiation. The results showed an
improvement from 71 % using TiO, to 98 % for nanocomposites
kaolinite/TiO, using samples amount of 1 g/L. and Co = 20 mg/L.

Keywords: kaolinite; TiO,; adsorption; photodegradation;
methylene blue; nanocomposites

1 Introduction

The effluents released by the textile industry, which uses
harmful chemicals such as dyes, contain various chromo-
phore groups that have negative effects on flora and fauna. It
has been investigated that 1%-20 % of the world’s colorant
production is wasted and discarded in the dyeing process,
which seriously endangers human health, aquatic ecosys-
tems, and the environment [1]. One of these dyes, methylene
blue (MB), depicted in Fig S1, is a toxic, carcinogenic, and
non-biodegradable compound, putting both environmental
and human health in great peril. In general, it is directly
released into natural water resources, posing a threat to
human and animal health [2].

To deal with this problem, various wastewater treat-
ment techniques have been investigated, including physical
technologies: adsorption on activated carbon, ultrafiltration,
reverse osmosis, coagulation with chemical components
and ion exchange on synthetic absorbents. However, these
methods are not destructive, as they simply transport organic
substances from the water to other phases, effectively
creating additional contamination. Thus, less costly alterna-
tive treatments are required for final wastewater treatment
and regeneration of absorbent materials [3].
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As a result, research has focused on other green
and non-toxic processes that mineralize pollutants, such
as heterogeneous photocatalysis, which relies on using
nanostructured semiconductors as catalysts to oxidize
organic molecules [4]. Among nanoparticles exhibiting these
properties, titanium dioxide (TiO;), ZnO, and CuO have
attracted much attention in the field of photocatalysis [5].

Because of their high efficiency and nanotoxicity, TiO,
nanoparticles have sparked much interest as a photo-
catalyst. However, the aggregation of nanoparticles caused
by energy reduction restricts the number of active sites on
the surface of TiO,, which results in decreasing its specific
surface area [6]. When these nanoparticles are used as
photocatalysts for wastewater treatment, such a problem
should be considered. A simple solution to this issue is to
load TiO, nanoparticles on specific supports (i.e., supported
clay [7], supported activated carbon [8], and apatite [9]) to
improve their dispersion.

Clay comes mainly from raw minerals, with different
types of geometry and morphology. They can be used for
the disposal and storage of hazardous chemicals, especially
for contaminated water remediation. In several industries,
clay minerals, such as montmorillonite [10], zeolite [3],
and kaolinite [11], have been used as raw materials for
hundreds of industrial applications due to their abundant
availability and inexpensive nature. Clay is thus used as a
promising adsorbent in various adsorption methods thanks
to its distinct characteristics and high removal perfor-
mance [12].

Kaolinite is a clay mineral with a multi-layered struc-
ture and an exceptional formula Al,Si,05(0H),. It is often
used in a variety of sectors and applications: paper [13],
ceramics [14], paints [15], cement [16], and wastewater
treatment [17]. In this work, we prepared kaolinite/TiO,
nanocomposites by mixing kaolinite with TiO, at well-
defined proportions, and they were calcined at a fixed
temperature (800 °C) while varying the calcination time.
These treatments were chosen to investigate their effects on
the structural and catalytic properties of the clay minerals,
particularly in the context of their application as supports
for TiO, in photocatalysis for removing methylene blue (MB)
dye from aqueous solution.

The primary objective of this study was to elucidate how
the different treatment conditions influence the physico-
chemical properties of the clay samples and their suitability
as support for TiO,. Systematic analysis of the structural
changes induced by these treatments and evaluation of their
impact on the photocatalytic performance were conducted.
Valuable insights can be gained for the rational design of
efficient photocatalytic materials.
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2 Materials and methods
2.1 Materials

Titanium (IV) isopropoxide (TIP) (Cy,H»30,Ti; 98 %), ethanol
(C;Hg0; 96 %), nitric acid 65 %, HCl, and NaOH were pur-
chased from Sigma Aldrich (Germany). Methylene blue dye
was purchased from Biochem (France). A local kaolinite-
halloysite clay was collected in Djebel Debbagh mine (Guelma,
northeast Algeria) designated DD2. These chemicals were
used without any further purification or treatment.

2.2 Clay preparation

Two ways of preparing the support were used. In the first
way, natural Kaolinite was ground during 3 and 8 h, noted as
KH2B3 and KH2B8 respectively. Grinding was carried outin a
FRITSCH planetary ball mono mill (Idar-Oberstein, Germany)
atarotation speed of 200 rpm. In the second way, the clay was
first calcined at 600 °C for 2 h, then ground for 3 and 8 h: they
are labeled KH2600B3 and KH2600B8, respectively After each
grinding of the natural kaolinite, sieving was performed using
a100-um sieve to ensure a homogeneous particle distribution
and to enrich the kaolinite phase of interest (Figure 1).

2.3 Synthesis of kaolinite/TiO,
nanocomposites

The kaolinite/TiO, nanocomposites were synthesized using
the sol-gel method [18]: 1 mL of TTIP was mixed and stirred for
1h in 7mL ethanol at 40 °C, and the pH of the solution was
adjusted with the addition of diluted nitric acid to pH =1.5. The
produced sol was applied dropwise to a suspension of 20 mL
containing 0.5g kaolinite. The resultant suspension was
agitated for 24 h, washed, and then heated to 80 °C for 24 h to
produce the final powder impregnated with TiO,. Next, this
powder was calcined at 450 °C for 2 h at a rate of 5 °C/min.

TiO, nanoparticles were synthesized using the same
method without adding kaolinite. The synthetized samples
were noted as KH2 (raw kaolinite), KTB3, KTB8, KT600B3,
KT600B8 and TiO, (Figure 1).

2.4 Characterization of kaolinite/TiO,
composite

The samples were examined using X-ray diffraction (XRD) on
a PANALYTICAL (Almelo, Netherlands) diffractometer with
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Figure 1: Preparation and synthesis of kaolinite-halloysite and Kaolinite-Halloysite/TiO,.

Cu Ka radiation. The structural morphology and element
analysis of kaolinite-TiO, composites were investigated using
aJEOL JSM-7610F Plus emission scanning electron microscope
(UHR-FESEM) (Tokyo, Japan). Infrared spectroscopy spectra
(diamond ATR) were obtained at room temperature using a
Bruker Platinum spectrometer (Billerica, USA) in a 400-
4,000 cm™ range. The UV-visible absorption spectra (UV-vis
DRS) of the samples were obtained using a UV-Vis spectro-
photometer Agilent Technologies Cary 60 (Penang, Malaysia).
Nitrogen adsorption/desorption isotherms were measured at
77K using the Quantachrome (Boynton Beach, USA) instru-
ment. The pore volume was calculated using the t-plot
method, and the sample-specific surface area was calculated
using the conventional BET (Brunauer-Emmett-Teller)
method. The samples were degassed and dehumidified by
heating them at 200 °C for 8 h. To evaluate the mineralization
of MB the total organic carbon (TOC) content was analyzed
using a Shimadzu TOC-VCSH instrument (Japan).

2.5 Point of zero charge (pHzpc)

To determine the pHzpc, pH tests were carried out as follows
[19]. The procedure consisted of adding a 0.1 M NaOH or HCl
solution to 50 mL of closed flasks containing a 0.1% NaCl
solution to adjust the pH of each flask between 2 and 10

(Fig. S2). In each flask, we added 0.15g of adsorbent. To
determine the final pH, with pH meter-LC-pH-2B (Zhejiang,
China), the suspensions was kept at room temperature with
continuous stirring for 48 h.

2.6 Adsorption kinetic experiments

The kinetic study of adsorption was carried out by mixing a
sample weight of 0.1g with 100mL of MB solutions
(C, =20 mg/L) at 25 °C and pH = 7.6. A given volume was taken
at different time intervals. After separating the adsorbent—
adsorbate mixture, MB dye concentrations were determined
by spectrophotometry 200-800 nm (Agilent, Cary 60 UV-vis).
The MB dye concentrations were determined with measure-
ments taken specifically at 665 nm, the absorption maximum
for methylene blue. Experimental data of adsorption kinetics
were analyzed using the pseudo-first-order (PFO) and pseudo-
second-order (PSO) model (Figure 7a) [20], [21].

2.7 Photocatalytic experiments

Methylene blue (MB) photodegradation experiments have
been made to evaluate the practical reliability of the obtained
composites. All experiments were performed at 25°C. The
reactor is a batch system placed in a chamber, with seven 9 W
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UV-A lamps at a wavelength of A = 365 nm positioned inside
the chamber. The distance between the lamps and the beaker
is15 cm. The light intensity used during the experiments is 200
lux. A 100 mL sample of MB solution (20 mg/L) was placed in
the beaker, followed by the addition of 100 mg/L of the pho-
tocatalyst. First, the solution was stirred by Selecta Multimatic
5N stirrer (Wertheim, Germany) at 300 rpm in the dark
to achieve an adsorption-desorption equilibrium. Then, the
suspension was irradiated under the UV light source accord-
ing to the irradiation time under constant stirring. During this
process the samples were regularly taken from the beaker,
centrifuged, and the liquid phase analyzed using a UV-vis
spectrometer. The photodegradation rate of MB was deter-
mined by Equation (1).
: Co-C

MB (%) Photodegradation = C—O*IOO @
where C, and C; are the initial concentration of dye in the
solution and its concentration at time ¢, respectively.

3 Results and discussions
3.1 XRD spectrum

Figure 2a shows the XRD spectrum of KH2. The presence of the
kaolinite (JCPDS card No. 96-900-9235) and halloysite sheets
was identified (JCPDS Card No. 29-1487) respectively [22] [23];
quartz was present in small amounts. Intensive milling can
induce structural changes in halloysite crystals. This could
include amorphization, crystal defects, and even polymorphic
transitions. Such alterations in crystal structure can manifest
as shifts in peak positions or the disappearance of certain

- K:kaolinite  H: halloysite  Q:quartz
KH2600B8

KH2600B3 7
] KH2B8

Intensity(a.u)

10 20 30 40 50 60 70 80
2Theta
(a)
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peaks in the XRD pattern, causing a decrease in peak intensity
after about 8 h [24]. However, when the kaolin is calcined at
600°C, only a dome is noticed, which characterizes the
transformation of kaolinite into metakaolinite form. Meta-
kaolinite is characterized by a disordered crystal structure. As
a result, it becomes amorphous, i.e., loses its regular crystal-
line arrangement and becomes structurally disordered [25].

Figure 2b represents the XRD diagram of the synthetized
TiO, and kaolinite/TiO, composites respectively. The XRD
spectra of TiO, revealed the presence of three phases, the
peaks at 25.3°26, 36.9°20, 37.7°26, and 48.0°26 (JCPDS card No.
96-900-9087) were attributed to anatase phase. Some peaks
at 27.4°26, 36.1°26, 39.2°20, and 44.1 °26 (JCPDS card No. 96-
900-1682) were assigned to rutile phase, and the peak at
30.80°20 were attributed to brookite phase (JCPDS card No.
96-900-4138) [26].

A progressive decrease in the intensity of kaolinite-
specific reflections was observed due to the immobilization
of TiO, in the crystalline structures of kaolinite-TiO, com-
posites with varying grinding times, with or without heat
treatment of the clay [27]. Once TiO, is immobilized in the
kaolinite crystal structure, the resulting composite can
exhibit useful synergistic properties, such as better stability
and enhanced photocatalytic reactivity. A series of TiO,
characteristic peaks at around 25.3°26, 38.3°26, 48.1°26 53.9°
20, 55.1°20 and 62.7°20 matched the TiO, anatase crystals in a
planar array. It is possible to infer that the presence of
kaolinite speeds up the synthesis of anatase and prevents it
from turning into rutile. [28]. According to the small size of
TiO, nanoparticles, the pure TiO, reference exhibits the
anatase phase’s distinctive widened diffraction peaks (JCPDS
card No. 96-101-0943) [29] [30] [31]. After the incorporation of
titanium dioxide, the samples showed an increase in the

K :kaolinite A :anatase R :rutile B : brookite
KT600B8
/\ KT600B3
0)
&
e ,'L/\ KTB3
o NN~
5
= KTB8
Ll K K /\ [\ \
LI BN B B L BN B B LA N B

T T
10 15 20 25 30 35 40 45 50

26(9)
(b)

55 60 65 70 75 80

Figure 2: XRD of (a): kaolinite samples after various treatments and (b): kaolinite/TiO, composites.
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signal at 28 = 25°, possibly due to the anatase phase of TiO,
which overlaps the signal of kaolinite [32]. However, no
distinct kaolinite features were observed in the kaolinite/
TiO, composite samples after calcination for KT600B3 and
KT600B8, which could be attributed to the loss of stacking in
the kaolinite layers and the completion of the dehydrox-
ylation reaction during this period; kaolinite was in amor-
phous metakaolinite form, so no obvious peak was shown in
Figure 2a. It is widely reported that smaller grain sizes result
in increased photocatalytic activity. Smaller grains can
reduce surface defect density, promote uniform adsorption
of reactive molecules, and minimize unwanted charge
carrier recombination reactions. According to Scherrer’s
formula [33], the average grain size of TiO, and TiO, nano-
particles in kaolinite is 18 and 10 nm, respectively.

The diffraction peaks of the kaolinite/TiO, composites
correspond well with those of the TiO, anatase phases and
kaolinite, indicating that the kaolinite structure is preserved
during the TiO, nanoparticle introduction. Meanwhile, the
diffraction intensities of kaolinite in kaolinite/TiO, compos-
ites dropped, showing that TiO, was successfully loaded on
the surface of kaolinite [34].

3.2 SEM and EDX analysis

The nano-morphology was revealed with an in-lens sec-
ondary electrons detector, while the material contrast was
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obtained with a retractable backscattered electrons detec-
tor. In the first mode, using secondary electrons, clear high-
resolution images provided the shape and the size of TiO,
particles.

The samples were directly observed in their natural
state, without prior metallization (no carbon layer evapo-
ration nor conductive metal sputtering). Different electron
optical parameters were selected in the second mode,
namely backscattered electrons. Images at relative low
magnifications (2500x for the large ones and 10kx for the
inserts) were performed to study the spatial distribution of
TiO,. A higher accelerating voltage of 7kV and larger probe
current at a shorter working distance of 6 mm made the
acquisition of a sharp atomic number contrast possible. This
mode of imaging allowed us to track the presence of TiO,
particles onto the clay. Titania appears with a brighter
contrast because titanium is heavier than any other element
present in the as-prepared nanopowders. Figure 3a shows
that the KH2 raw clay has a mesoporous mixture between
sheet-like kaolinite, which is partially light-covered, and
halloysite, which is of tubular morphology [35]. In the case of
pure TiO, (Figure 3b), it was revealed that the particles are
randomly distributed, and they also contain small spheres
with the formation of agglomerates. Based on the SEM an-
alyses of the morphology of clay/TiO, nanocomposites, it can
be shown that well-distributed, but not uniformly sized,
spherical TiO. particles form on the surface of the clay, with
an average size of approximately 10 nm. The adsorption

Figure 3: SEM images of composites (a) KH2, (b) TiO,, (c) KTB3, (d) KTB8, (e) KT600B8 and (f) KT600B3.



6 —— K. Fendi et al.: Testing of kaolinite/TiO, nanocomposites for methylene blue removal

capacity and photocatalytic activity of the nanocomposites
might change due to the varying degrees of dispersion of
TiO, particles on the clay surface [28]. The KT600B3 and
KT600B8 nanocomposites showed significant changes
compared to the other two nanocomposites, KIB3 and KTBS,
indicating that calcination causes the structure of the clay to
become more disordered.

3.3 BET analysis

The nitrogen adsorption/desorption isotherms of samples
are presented in Figure 4; the samples’ mesoporous adsor-
bents correlate to type IV’s adsorption isotherm. This in-
dicates that mesoporosity makes up most of the overall
porosity, comparable to holes that resemble slits in layered
materials. Table 1 shows that the BET surface area of all solid
samples [36] Increasing the calcination temperature and
grinding time caused a decrease in the specific surface area,
and an increase in the size of kaolinite/TiO, crystallites. The
dried catalyst KTB3 had the highest specific surface area and

4000 -
3500
3000 —e— KTB3
—e— KT600B3
—e— KTBS
2500 —e— KT600BS|
TiO2

2000

1500

Volume adsorbed(cm®/g)

1000

T
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R e e —— — =

T L
o0 o1 02 03 04 05 06
Relative pressure(P/P,)

Figure 4: Nitrogen adsorption/desorption isotherms of samples at 77 °K.

Table 1: Mean pore diameter, pore volume and specific surface area of
solid samples.

Samples Mean pore diameter Pore volume  BET surface area

(nm) (cm’/g) (m’/g)
KTB3 8.85 4.715 197.9
TiO, 2.82 0.863 72.52
KT600B3 7.43 0.630 106.57
KTB8 8.29 0.223 91.77
KT600B8 6.82 0.2834 814
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the catalysts calcined at 600 °C (KT600B3, KT600B8) and
KTB8 milled at 8 h had the smallest crystallite size [37].

3.4 Infrared spectrum (ATR)

Figure 5 shows the ATR spectrum (vibrational bands and
interfaces of interaction) for each sample. For KH2, the
bands at 1,036cm™ and 1,008cm™ correspond to the
stretching vibrations of the Si—O structural lattice (Si—O-Si
and 0-Si-0). The other bands at 1,117 cm™ are due to the
Si—O stretching vibration at the apex and the out-of-phase
stretching vibration of the inner surface hydroxyl, respec-
tively [38]. The deformation band at 428 em™! corresponds to
the Si-O groups [39]. The stretching vibration of the inner
surface hydroxyl (OH), which is seldom ever affected by
intercalation, is thought to be responsible for the absorption
bands at 3691, 3620, 3658, and 910 cm .. O—Al-translational
OH vibration causes the bands at 790, 744, and 685 cm™,
whereas Si-O-vibration Al is responsible for the bands
at 534 and 462 cm™.. Kaolinite/TiO, nanocomposites exhibit
the stretching and bending vibrations of water molecules
adsorbed groups at 1,632 cm ™ [40]. Keep in mind that there is
no difference in the hydroxyl vibration peaks of kaolinite
before and after loading. The stretching vibration of Ti-O is
responsible for the peaks in the spectra between 400 and
900 cm ™, which are a strong sign of the existence of TiO,. The
peak at 950 cm ™, which is attributable to the antisymmetric
stretching vibration Si-O-Ti, shows that titanium dioxide
and kaolinite were combined chemically to produce the
kaolinite/TiO, composite [41] [42]. The change of kaolinite to
metakaolinite also results in a shift in the band structure that
manifests as structural dehydroxylation and metakaolinite
production, which causes a shift in the Al coordination
of the octahedral area 1250400 cm ™. Amorphous SiO, was
identified as the source of broad bands with maxima at
950 and 1,120 cm ™. Metakaolinite was created by calcining
kaolinite at 600 °C. Amorphous silica was also seen vibrating
between 1,200 and 1,050 cm ™! [43]. The faster elimination of
vibrations perpendicular to the mineral layers was found for
KTB3 and KTB8 in the Si-O stretching zone. Mechanical
treatments such as grinding have the most impact on these
bands, even if XRD results show that the kaolinite was con-
verted into a non-crystalline substance. As a result, this band
might represent the whole amount of silica. The intensity of
Si—0-Al oscillations was significantly reduced, indicating
that the bond between the octahedral and tetrahedral layers
was easily deteriorated. It was observed with treatment time
that the Si-O bending bands at 429 and 462 cm-! gradually
decreased. Even after a prolonged treatment period, the
band at 429 cm™ did not fade [44]. When grinding kaolin
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Figure 5: Infrared spectrum of kaolinite/TiO, composites.

during different times, the 3691, 3620, 3658, and 910 cm™
absorption bands of the inner surface hydroxyl groups
decreased with the grinding times [45].

In the low-wavenumber region, hydroxyl deformation
modes were observed between the surface water molecules
formed by breaking Si-O or Al-O-Si bonds (internal hy-
droxyls). In parallel with the weakening of the stretching
vibration band, the intensities of these bands also decreased
during grinding. Due to its stability after milling, the band at
1,036 cm™! is thought to reflect the overall amount of silica
present and can be therefore used as a reference for
comparing different samples.

Figure S4 shows the IR spectra obtained for the pure
TiO,; the band at 428 cm™ is attributed to the bending
vibrations of the framework bonds Ti-O and Ti—O-Ti [46].

0,6

TiO,

057 — KTB3
g —— KTBS
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Figure 6: DRS UV-vis spectra of pure TiO, and kaolinite/TiO, composites.
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Methine (-CH-) and methylene (—-CH,-) groups are rep-
resented by the tiny peaks at 2972 and 2871 cm ™, respectively.
The characteristic peak at 1,650-1,597 em™ is associated with
the stretching frequency of carboxylate (—COO), indicating
that the organic component does not completely evaporate at
450 °C [47].

3.5 DRS UV-vis spectra

Figure 6 shows the DRS UV-vis spectra of pure TiO, and the
various kaolinite/TiO, composites. The band gap calculation
is most important from the point of energy conversion effi-
ciency. The optical band gap of the photocatalyst was esti-
mated using equation of Tauc:

ahv =A(hv - E,)" @

where A represents a constant, hv is photon energy, a is
absorption coefficient, E; represent forbidden band, and
n =% (for a direct transition) or n = 2 (for an indirect
transition).

The intersection of the linear part of the Tauc plot (ahv)”
with the energy-axis gives the value of the band gap [48]. The
optical bandgap energy values of the nanomaterials pre-
pared (TiO,, KTB3, KTB8, KT600B3, and KT600B8) were 2.93,
3.13, 3.14, 3.14 and 3.14 eV respectively. This finding implies
that kaolinite causes the absorption edge of TiO, to shift to a
higher energy region. On the one hand kaolinite may in-
crease catalytic activity by delaying the recombination of
separate charges produced by UV radiation in the TiO,
crystal lattice [49]. Consequently, the presence of SiO, in the
kaolinite/TiO, composites leads to slightly improving the
ahility of TiO, nanoparticles to absorb light as long as they
form a chemical bond with SiO, [50]

3,5
3,0
= 25 TiO,
g —— KTB3
2 20 —— KTBS
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3.6 Adsorption study
3.6.1 Adsorption kinetics

The study of the adsorption kinetics of MB in an aqueous
solution is demonstrated by adsorption rate curves and
modelled by the pseudo-first-order and pseudo-second-order
kinetic plots expressed in Egs. (3) and (4), respectively [51] [52].

dg,

dt = kl (qe - qt) (3)
d
S kel )’ @

Integrating both equations, the corresponding
nonlinear forms are obtained as the following equations:

q. = q.(1-¢™) ®)
Gkt
ql B 1+ kzqet (6)

where k; and k, are the pseudo-first-order and pseudo-
second-order rate constant, respectively. Physically, q. rep-
resents the adsorption capacity at equilibrium, while k; and k,
reflect the rate of adsorption: a higher rate constant indicates
a faster approach to equilibrium. The pseudo-first-order
model is often applied when the adsorption process is domi-
nated by diffusion or physical interactions on a homogeneous
surface. On the other hand, the pseudo-second-order model is
widely used for systems where chemisorption, such as bond
formation or electron exchange, governs the kinetics [53]
Figure 7a revealed that adsorption equilibrium was
reached after 60 min for the majority of the prepared ma-
terials, and the amount of adsorbate on the surface reached
a plateau, indicating that the material surface is saturated
and no further adsorption is possible, and demonstrating
that the adsorption kinetics of the dye on the synthetic ma-
terial is relatively rapid. To further evaluate the adsorption
kinetics of MB, kinetic rate constants (k; and k,), equilibrium
adsorption capacities (q.), and correlation coefficients (R%
were determined. The results of the pseudo-first-order and
pseudo-second-order models are presented in Table 2. Ac-
cording to the results obtained, the kinetics are described by
the pseudo-second-order model, which is in agreement with
the work reported by Tran et al. [54]. However, the novelty of
our study lies in applying this model to the specific TiO,/
kaolinite composite synthesized in this work, which has
unique physicochemical properties influenced by its prep-
aration method. These results provide new insights into the
adsorption behavior of TiO,/clay-based composites and their
potential for environmental applications, further validating
the consistency of pseudo-second-order kinetics in clay-
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supported adsorption systems. In addition, the calculated g,
values were closer to the experimental values obtained,
which explains why the adsorption kinetics of the dyes on
the prepared materials follow the PSO models [55].

3.7 Adsorption isotherm

The data were modeled using the two most well-known
isotherm models, Freundlich (Eq. 7) and Langmuir (Eq. 8), to
define the interaction of methylene blue molecules with the
KTB3 surface and to study the distribution properties in liquid
and solid phases. Equations 7 and 8 provide expressions of the
non-linear relationship of these isotherm models [52].

1
q, = KpC/™ )
_ quLCe
"1+ k.C, ®)

In the formula, C, is the equilibrium concentration of methy-
lene blue (mg/L), nr and Ky are the Freundlich constants, g, and
(m are the amount of MB adsorbed at equilibrium and the
maximum adsorption capacity, respectively. K; (L/mg) is the
Langmuir equilibrium constant. Applying Eq. (8), we can
determine the maximum amount of MB adsorbed by the
nanocomposite (qn), which is around 29.73 mg/g (Figure S4).
Moreover, the adsorption rate decreases with increasing
grinding time and degree of kaolinite calcination. The charac-
teristic constants of each system were determined and listed in
Table S1. The methylene blue adsorption isotherm shows that
the best correlation of experimental results is obtained with the
Langmuir model (R = 0.99) Table S1 [56].

3.8 Photocatalytic experiments

The kinetics and rate constant of methylene blue
photodegradation have been studied using the Langmuir-
Hinshelwood equation (Eq. 9) obeying first order kinetics [57]:

__dC_ KKC
T dt  1+KGC

9

where k [mg/(min L)] and K (L/mg) correspond to the photo-

catalytic rate constant and the adsorption equilibrium con-

stant, respectively, and C; is the concentration at time ¢ (min).
When:

— KC; >>1, so the value of 1 + KC; = KC;

— KC; «1, to be a result, the denominator 1 + KC; =~ 1

Using these two mathematical theorems and the low dye con-
centrations used in photocatalysis, the Langmuir-Hinshelwood
equation has been created.
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Table 2: Kinetics parameters for the adsorption of MB.
Samples PSO model PFO model
R ge (mg/g) kz (9/mg x min) R? ge (mg/g) ky (min™")
KTB3 0.99 8.95 0.04 0.98 8.51 0.183
KTB8 0.98 5.29 0.009 0.98 3.59 0.051
KT600B3 0.98 5.59 0.011 0.95 4.89 0.049
KT600B8 0.98 4.12 0.015 0.98 3.59 0.051
TiO, 0.98 1.86 0.105 0.99 1.73 0.111
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- % = kiC (10
ki=kxK (11)
The integral of the equation result in:
InCi=-kit+A (12)
C; = Be'™! (13)

where k; (min™) is the first-order model’s rate constant.
When t = 0 and C; = Cy = B, as seen below, the nonlinear
equation can be simplified:

Cr=Cox et (14)

This pseudo-first-order model was used to determine
the correlation coefficient (R%. The rate and mechanism of
subsequent adsorption and degradation processes could be
used to characterize the model of methylene blue degrada-
tion kinetics [18]. The results are represented in Table 3.

The experimental results show that supporting TiO, on
kaolinite results in an improvement in MB removal efficiency
from 71% to 98% for pure TiO, and KTB3, respectively
(Figure 8a). This result was explained by the large specific
surface area of the clay [58]. Supporting TiO, on kaolinite can
provide more adsorption and photocatalytic active sites for
the decomposition of organic molecules, which confirms the
synergy effect between both phenomena [59]. KTB3 has better
photocatalytic performance; after 80 min, it eliminates 95 %
because the grinding of kaolinite can provide significantly
more adsorbent active sites, therefore, greater photocatalytic
performance. On the other hand, the other composites have a
less efficient photocatalytic capacity due to the destruction
of the kaolinite structure by calcination at 600°C and the
increase in grinding time. The kaolinite/TiO, composite per-
forms better methylene blue degradation than pure TiO, [38].

3.9 Influence of photocatalyst amount

A series of studies were conducted with varying dosages of
catalysts at an initial dye concentration C, = 21 mg/L to

Table 3: Kinetics parameters of nanocomposites for the photocatalysis
of MB.

Model PSO MB (%)

4 N Photodegradation

Co (mg/L) K (min™) R

KTB3 11.48 0.056 0.964 98
KTB8 13.48 0.013 0.964 86
KT600B3 12.40 0.022 0.974 91
KT600B8 13.76 0.011 0.960 81
TiO, 14.82 0.006 0.943 7
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investigate the dose effect of KITB3 on MB photodegradation
at pH = 7.6. Figure 8b shows that the different catalyst doses
ranged from 0.2 to 1.5 g/L. The degradation efficiency in-
creases proportionally with photocatalyst dose, up to the
optimum of 1 g/L. This is most likely due to an increase in the
number of adsorbed MB molecules, which is directly related
to the number of KTB3 particles when the photocatalyst dose
increases, as well as an increase in the number of electrons
excited to produce radicals (‘OH) at the optimal dose of 1 g/L,
which depends on the operating conditions. Increases in
photocatalyst doses have a negative impact on degradation
efficiency. The decrease in the efficiency of degradation
beyond 1g/L can be attributed to the shielding effect of an
excess of KTB3 particles and the loss of light caused by
diffusion at the saturation of the absorption photons [60].

3.10 Effect of dye concentration

In this section, a series of MB solutions with different concen-
trations from 12 mg/L to 44.5 mg/L have been prepared. It is
evident that the rate of photodegradation is affected by dye
concentration. It was investigated that degradation yield de-
creases from 98 to 57% when the dye concentration is
increased from 21.38 to 44.5mg/L (Figure 8c). The rate of
degradation is proportional to the generation of -OH radicals on
the catalyst’s surface and the likelihood that the -OH radicals
will react with the dye molecule. This means the rate at which
the dye is degraded depends on the amount of hydroxyl radi-
cals (‘OH) generated on the catalyst surface. The more -OH
radicals generated, the higher the rate of degradation. The
photodegradation kinetics are rapid at low initial concentra-
tions (Figure 8c) due to the small number of MB molecules
present in the solution. This results in high availability of
photogenerated active species, which are responsible for pho-
todegradation. When the initial dye concentration is high, the
path length of the photon entering the solution also decreases.
Thus, the efficiency of photocatalytic degradation decreases,
but at low concentrations, the opposite effect is observed,
increasing photon absorption by the catalyst [36]. The large
amount of adsorbed dye can also have a competing effect on
the adsorption of oxygen and ‘OH to the catalyst surface.

3.11 Effect of pH, extent of mineralization
and scavenging effect

The pH is one of the most critical parameters influencing the
photocatalytic process. Figure 8d depicts the effect of pH
(from 2 to 10) on MB adsorption on KTB3 (at a starting con-
centration of MB of 20 mg/L and an adsorbent dosage of 1 g/L)
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when HCI (0.1 M) or NaOH (0.1 M) are added. The increased pH
of the adsorbent medium modifies the clay mineral surface,
which may be responsible for the progressive increase in
methylene blue adsorption, and the protonated catalyst sur-
face may strongly attract positively charged dye molecules,
resulting in superior photocatalytic degradation. According to
the literature, photocatalytic activity increases with increasing
pH; however, an excessive amount of H' in the solution causes
a decrease in the degradation [61]. Figure 8d shows that when
the pH increased from 2 to 7, the degradation of MB increased
progressively from 22.7% to 95.8% and then decreased to
82.3% beyond pH 10. This is caused by the electrostatic
attraction between the positively charged catalyst and the MB
molecules [61]. It can also be explained by the presence of OH™
ions in solution, which promote the creation of -OH radicals,
encouraging photodegradation.

The mineralization efficiency was determined using the
following equation:
TOCi - TOCf

- x 100

RO =756

(15)

The total organic carbon (TOC) analysis revealed a sig-
nificant difference in mineralization efficiency between the
tested samples. The KTB3 catalyst demonstrated exceptional
performance, achieving a mineralization rate of 93 %,
compared to 63 % for TiO alone. These findings highlight the
superior capability of KTB3 in degrading and mineralizing
organic compounds, confirming its potential as an efficient
catalyst for advanced treatment applications.

As concerns the scavenging experiments, the results in
Figure 9 showed a decrease in photocatalytic degradation
when specific scavengers, such as isopropanol (IPA), silver
nitrate (AgNOs), and ethylenediaminetetraacetic acid (EDTA)

100

[e}
o
1

Degradation(%)
3
1

N
o
1

20

0 T
No scavenger

T
IPA AgNO, EDTA
Figure 9: Photocatalytic removal of MB in presence of several
scavengers using KTB3.
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(Figure 9), were introduced in the methylene blue degrada-
tion reaction using the TiO./kaolinite composite KTB3. This
reduction in degradation is explained by the ability of these
scavengers to neutralize key reactive species involved in the
photocatalysis. IPA acts as a hydroxyl radical (OH) scavenger,
limiting their contribution to pollutant oxidation. AgNOs, as
an electron acceptor, traps electrons in the conduction band
(e), thereby reducing the formation of superoxide radicals
(02-). EDTA, as a hole (h*) scavenger, prevents direct oxida-
tion reactions initiated by these holes [62] [63]. The observed
decrease in degradation supports the central role of these
reactive species (‘OH, h*, O>*-) in the photocatalytic process,
and the scavenger effect limits their availability, reducing the
overall efficiency of the reaction.

3.12 Mechanism of kaolinite/TiO, assisted
photocatalytic degradation

The mechanism of photocatalysis by TiO, has already been
described in depth in the literature [65] [66]. When an
aqueous TiO, dispersion is exposed to light energy above its
bandgap energy (3.2 eV), conduction band electrons (e”) are
produced, triggering photocatalytic activity (Figure 10),
holes can combine with OH™ or H,0 and become OH’ radicals
as a result. They then react with H" to produce a hydrogen
dioxide radical (HO,, hydroperoxyl).

kaolinite/TiO, composites + hv — TiO; (k" +e”)  (16)
Reaction involving valence band h*
(h") + H,0 — +OH + H* an
(h") + OH" - +OH 18)
(h") + 2H,0 — +H,0, + 2H+ (19)
Reaction involving conduction band e~
(e)+0,—-0, (20)
0, + H" - HO, 21
(e7) + HO, — TiO, + HO, 22)
TiO; (e7) + 0, + 2H" — TiO; + H;0, (23)
TiO, (e7) + H,0; — TiO, + OH + OH" (24)
0; + H,0, - :OH+OH" + 0, (25
2HO, — 0, + H,0, (26)

Photoholes have a considerable potential by combining
with the -OH that predominates in aqueous solutions.
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Upon UV irradiation, the TiO, in the kaolinite/TiO,
composite absorbs photons (hv), which generate electron-
hole pairs (e- and h*) (Equation 16). The photoexcited
holes (h*) in the valence band participate in several re-
actions, including the oxidation of water to produce hy-
droxyl radicals (-OH) (Equations 17 and 18). In the
presence of excess water, these holes can also produce
hydrogen peroxide (H,0,) (Equation 19). On the other
hand, the electrons (e-) in the conduction band reduce
molecular oxygen (0,) to form superoxide radicals (0,")
(Equation 20), which, in turn, react with protons (H) to
form hydroperoxyl radicals (HO,)) (Equation 21). These
reactive species (-OH, O, , and HO,) are capable of
decomposing organic pollutants like methylene blue
(MB) into non-toxic by-products, such as CO, and H,0
(Equation 27). Additionally, the superoxide radical can
also react with hydrogen peroxide to form hydroxyl
radicals and oxygen (Equations 23 and 24), further
enhancing the degradation process [67].
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Figure 10: Proposed mechanism of kaolinite/
TiO, composites assisted photocatalytic
degradation of MB under UV-light [64].

The grinding of kaolinite improves the photocatalytic
performance by increasing the specific surface area,
dispersion, and adsorption capacity of the TiO,, which
helps to improve the overall reactivity and efficiency
of the composite in water treatment applications. These
results demonstrate the potential of kaolinite/TiO, com-
posites for more efficient and cost-effective photocatalytic
water. The photocatalytic performance of the synthesized
kaolinite/TiO, was compared with previously reported
papers, as shown in Table 4.

4 Conclusions

Based on the above results, a possible mechanism to explain
the improvement of photocatalytic properties of clay/TiO,
nanocomposites was proposed. Kaolinite and halloysite are
both natural clays that exhibit interesting adsorption proper-
ties. By combining these two materials, they benefit from their
complementary properties for more efficient adsorption. The

Table 4: Photodegradation efficiency of Kaolinite/TiO, nanocomposites for different dyes.

Nanocomposite Organic pollutant  Catalyst amount (g/L) C, (mg/L)  Degradation rate (%) Reaction time  Reference
Kaolinite/TiO, Methyl orange 1 10 45 7h [68]
Kaolinite/TiO, Congo-red (CR) 1 20 60 4h [69]
Kaolinite/Ag-TiO, Methylene blue 0.5 3.198 96.7 120 min [70]
Kaolinite/TiO, Methylene blue 0.25 10 94 5h [71]
Kaolinite/TiO, Rhodamine B 0.5 50 51 120 min [72]
Halloysite/TiO, Methylene blue 0.5 30 81.6 4H [73]
Halloysite- Carbon-TiO, ~ Methylene blue 0.2 20 73 80min [74]
kaolinite/TiO, Methylene blue 1 20 983 3h This study
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grinding treatment rate over time was adequate to increase
the amount of micropores and mesopores. Crystalline phase
development was evaluated using X-ray diffraction data to
confirm a kaolinite crystalline phase in clay and that the
anatase phase only exists in kaolinite/TiO, composites. The
photocatalytic activity of the produced nanoparticles for MB
removal was investigated using a 365 nm UV light source. This
study clearly shows that coating TiO, with Kaolinite increased
the removal of MB dye. Increasing grinding time of 8 h and
calcination at 600 °C also caused structural rearrangement of
crystalline layers of kaolinite. At this temperature, kaolinite
underwent a transformation into metakaolinite, an amor-
phous alumino-silicate phase. This structural rearrangement
can reduce the specific surface area due to the disruption of
the kaolinite sheet crystal structure.
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