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Abstract Keywords
This study aims to synthesize a nanocomposite photocatalyst from naturally montmorillonite
sourced clay (montmorillonite, MMT) and titanium dioxide nanotubes TiO= nanotubes
(TNTSs) to efficiently degrade organic dyes in wastewater under UVC light. nanocomposite

The TNTs were synthesized through the hydrothermal method and were photocatalyst
randomly attached to both the surface and interlayer spaces of the MMT
sheets. Pristine MMT was found to exhibit good adsorption properties, while
the TNTs demonstrated strong photocatalytic activity. The combination of
these materials in the MMT/TNT nanocomposite resulted in a material that
exhibited both adsorption and photocatalytic properties. The dye degrada-
tion efficiency of the MMT/TNT nanocomposite reached 95%, which is sig-
nificantly higher than that of pristine MMT (50%) and TNTs alone (60%).
This enhanced performance can be attributed to the synergistic effect be-
tween the adsorption capacity of MMT and the photocatalytic activity of
TNTs. The study highlights the potential of using naturally sourced materi-
als like MMT in the development of advanced photocatalysts for environ-
mental remediation. The MMT/TNT nanocomposite offers a sustainable and
efficient solution for the removal of organic pollutants from wastewater.
These findings provide a pathway for further development of high-perfor-
mance nanocomposites that combine the dual functional properties of ad-
sorption and photocatalysis, contributing to more efficient wastewater
treatment technologies.
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e MMT/TiO, nanotube nanocomposite achieved 95% dye degradation, outperforming pristine MMT (50%) and TiO,

alone (60%).

e The MMT/TiO, nanocomposite combines strong adsorption from MMT with photocatalytic activity from TiO,,

enhancing overall performance.

e Utilizing natural MMT in the nanocomposite offers an efficient and sustainable method for removing organic pollu-

tants from wastewater.

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction sheet. MMT is the main component of bentonite, which

forms through the weathering of volcanic ash. The water
Montmorillonite (MMT) is recognized as a very soft phyllo-  ¢ontent in montmorillonite is variable and can significantly
silicate mineral, belonging to the smectite group, and is jpcrease in volume when it absorbs moisture. Chemically,
classified as a 2:1 clay mineral. This structure consists of \MT is a hydrated sodium calcium aluminum magnesium

two tetrahedral sheets sandwiching a central octahedral
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silicate hydroxide, (Na,Ca)o.33(Al, Mg)2(Si4010) (OH)2-nH20.
Potassium, iron, and other cations often substitute within
its structure, with a specific ratio depending on the source.
MMT is typically found in mixtures with chlorite, musco-
vite, illite, cookeite, and kaolinite [1-3]. Due to its layered
structure and inherent porosity, MMT is widely used as a
natural adsorbent or as a support material to enhance the
specific surface area and adsorption capacity of catalysts
[4, 5]

Numerous studies have explored the combination of
MMT with metal oxide semiconductors [6], with prominent
examples including TiO= [7], ZnO [8], and CuO [9]. These
studies have shown considerable potential in enhancing
photocatalytic efficiency through these combinations. How-
ever, challenges remain, such as the potential toxicity and
limited biodegradability of certain materials. In this re-
search, TNTs were synthesized via a hydrothermal method
and then randomly immobilized onto MMT. The study as-
sessed the ability of these composites to decolorize and de-
grade the organic dye Basic Blue 3 (BB3). Currently, re-
search on TiO: nanotube structures immobilized on MMT is
limited.

Previous studies have highlighted the effectiveness of
TiO> nanotubes with various structures in photocatalysis.
For instance, E. S. Ghalehsefid and colleagues successfully
synthesized a TiO. nanotube/ZnIn.S, nanoflower (TiO:
NT/ZIS) composite heterojunction for the degradation of
Rhodamine B. This photocatalyst, synthesized via a hydro-
thermal method, achieved a 90.2% degradation efficiency
of RhB on the TiO-NT/ZIS nanocomposite after 120 min
[10]. However, ZnIn.S, may contain toxic components or be
challenging to biodegrade. Qingyao Wang and colleagues
synthesized a TiO>NTs/Sn3;04 photocatalyst through a hy-
drothermal method, depositing Sn;04 onto TiO. nanotube
arrays. Yet, this deposition process can lead to non-uni-
formity, affecting the photocatalytic performance [11].
Moreover, Sn3O4 might also contain harmful or non-biode-
gradable components, raising safety and environmental
concerns. Yu-Long Xie and colleagues successfully depos-
ited BiOI nanosheets onto three-dimensional porous TiO:
nanotube arrays (NTs) using the successive ionic layer ad-
sorption and reaction (SILAR) method, achieving a 93.5%
degradation efficiency of RhB after 200 min under visible
light [12]. However, ensuring the uniformity of BiOI
nanosheets on TiO> NTs surfaces remains a challenge, as
uneven deposition can negatively impact the material's
photocatalytic performance.

While the materials and methods may differ, the studies
have consistently highlighted the effective photocatalytic
properties of TiO2 nanotubes in environmental cleanup. In
this research, TiO- was immobilized onto MMT to serve as
a photocatalyst for the removal of Basic Blue 3. Unlike the
compounds used in the previously mentioned studies, MMT
is a naturally derived clay known for its excellent swelling
and adsorption capabilities in aqueous environments.

20f9

ARTICLE

The MMT/TNTs composite is anticipated to be a highly
efficient and environmentally friendly photocatalyst for the
removal of organic dyes.

2. Experimental

2.1. Chemicals

Montmorillonite (MMT) was purified from bentonite
sourced in Vietnam, following the procedures detailed in
our recent publications [13, 14]. Titanium(IV) Oxide (TiO2)
in the anatase phase was acquired from Merck (purity =
99.8%). Sodium hydroxide (NaOH) and nitric acid (HNO3),
with purities of = 96% and = 86% respectively, were
sourced from China. Basic Blue 3 dye was obtained from
Sigma-Aldrich, with a dye content of 25%.

2.2. Preparation of TiO, nanotubes (TNTs)

Titanium dioxide nanotubes (TNTs) were synthesized using
a hydrothermal method. First, a 10 M NaOH solution was
prepared. TiO. powder was then gradually added to the
10 M NaOH solution and stirred magnetically for 4 h. The
resulting mixture was transferred to a Teflon-lined
stainless steel autoclave (Figure 1) and heated to 130 °C for
24 h. After naturally cooling to room temperature, the
solution was washed multiple times with deionized water
and 2M HNOj; solution until the pH reached 7. The washed
product was then collected by centrifugation and dried at
60 °C for 24 h. Finally, the solid obtained was calcined at
400 °C for 2 h to produce TNTs. These steps are illustrated
in Figure 1.

2.3. Preparation of MMT/TNTs nanocomposite

The preparation of the MMT/TNTs nanocomposite was con-
ducted following the procedure outlined in our previous
publication [14]. First, MMT was dispersed in a beaker con-
taining deionized water and stirred for 24 h to ensure com-
plete swelling. Next, a specific number of TNTs was added
to the MMT suspension, followed by 4 h of stirringand 1 h
of sonication. The resulting product was collected by cen-
trifugation and then dried at 80 °C for 24 h to yield the
MMT/TNTs nanocomposite (Figure 2).

NaOH 10M NaOH 10M , + I\‘ffm _ == + Centrifuge
solution solution oo P * Wash with deionized
< 0 (DI) water and 2M
%) 5% HNO3 untilpH7
‘&OE 'wE « Dry at 60°C for 24
40 i 24
] (| hours
= =

4 hour

130°C for 24 hour l

TEM image
\ -

TiO, nanotubes

400°C for 2 hour

Figure 1 Steps for preparing TNTs.
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Figure 2 Steps for preparing MMT/TNTs.

2.4. Characteristic methods and experimental
setup

The characteristics of the samples were evaluated using the
following analytical methods: X-ray diffraction (XRD, D2-
PHASER, Germany), transmission electron microscopy
(TEM, JEM-1400Plus, USA), Fourier transform infrared
spectroscopy (FTIR, Frontier FT-IR/NIR, USA), energy-dis-
persive X-ray spectroscopy (EDX, HORIBA H-7593, Horiba,
Japan), and Brunauer-Emmett-Teller analysis (BET, NOVA
1000e Quantachrome instrument, USA). The experimental
setup and efficiency calculations aligned with established
photocatalytic literature [15-18]. All adsorption and photo-
catalytic experiments were performed in a sealed dark
chamber to eliminate the influence of ambient light. Ad-
sorption experiments were conducted before activating the
UVC lamp, allowing the solution to reach adsorption-de-
sorption equilibrium. The concentration of BB3 before and
after the adsorption-photocatalytic experiments was meas-
ured using Ultraviolet-visible spectrophotometry (UV-Vis,
V730 Jasco, Japan), and by-products were analyzed using
Liquid chromatography-mass spectrometry (LC-MS, XEVO
Waters, USA).

3. Results and Discussion

As illustrated in Figure 3, the initial TiO> powder exhibits a
spherical shape with a diameter of less than 100 nm (Figure
3a). Following hydrothermal treatment, TiO. transforms
into nanotubes (TNTs), with each nanotube measuring ap-
proximately 110 nm in length and 5 nm in diameter, ori-
ented in various directions (Figure 3b). Under high temper-
ature and pressure, the Ti-O-Ti bonds in the TiO: structure
are disrupted. Ti** (or Ti3*) ions exchange with Na* ions in
the solution, forming Ti-O-Na bonds. During this process,
as the solution is neutralized or acidified, the Na* ions are
gradually replaced by H* ions, forming Ti-OH bonds. The
dehydration of these Ti—-OH bonds results in the creation of
Ti-O-Ti bonds or Ti-O-...-H-O-Ti hydrogen bonds. Ulti-
mately, the Ti-O-Ti bonds may connect at their ends to
form the TiO. nanotube structure [19, 20]. MMT appears as
sheets [21, 22] with a minimum size of 500 nm (Figure 3c).
In contrast, the MMT/TNTs nanocomposite reveals that the
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TNTs are randomly distributed on the surface or interwo-
ven among the MMT sheets (Figure 3d). The elemental com-
position of MMT/TNTs includes elements commonly found
in MMT, such as K, Ca, O, Fe, Na, Mg, Al, and Si [23, 24].
Additionally, a small amount of Ti is present, accounting for
5.2% by weight or 2.23% by atomic percentage (Figure 4).

According to the XRD pattern (Figure 5), the TiO- used
as the starting material is in the anatase phase, with a char-
acteristic A (101) peak at 20 = 25.3° (referred to from JCPDS
No.21-1272 [25]). However, the diffraction peaks of the
TNTs do not correspond to the anatase phase, indicating a
structural transformation from particles to nanotubes [26].
This transformation can be attributed to the synthesis pro-
cess of TNTs from TiO2, which typically involves the alka-
lization of TiO: at high temperatures in a strong alkaline
environment. This process leads to the restructuring of Ti
and O atoms, resulting in the formation of titanate nano-
tube structures with properties distinct from those of the
original TiO: particles.

50 nm

R e i v ¢ Y ) -
Figure 3 TEM images of TiO, powder (a), TNTs (b), MMT (c), and
MMT/TNTs (d).
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Figure 4 EDX spectra of MMT and MMT/TNTs.
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Figure 5 XRD patterns of TNTs, MMT, and MMT/TNTs.

MMT exhibits a preferred orientation at 26 = 6.1°, cor-
responding to the (001) plane, with an interlayer spacing of
14.48 A. Due to the relatively low content of TNTs in the
MMT/TNTs composite, the diffraction peaks primarily re-
flect the characteristic structure of MMT. This suggests that
the diffraction properties of MMT remain dominant in the
MMT/TNTs composite, although the presence of TNTs may
introduce minor alterations in the overall structure.

The crystallinity and crystal sizes of TiO,, TNTs, MMT,
and MMT/TNTs were calculated using equations (1) and (2)
[27]. TiO, shows a crystallinity of 48.11% with the crystal-
lite size of 3.41 A, while TNTs exhibit a higher crystallinity
of 59.89% with the crystallite size of 0.54 A, likely due to
the structural ordering during nanotube formation. In con-
trast, MMT has a lower crystallinity of 25.70%, which fur-
ther decreases to 17.22% in the MMT/TNT composite, pos-
sibly due to the introduction of TNTs disrupting the MMT’s
ordered structure. The crystal sizes of MMT and MMT/TNTs
were 1.08 A and 1.10 A, respectively.

Area uder crystalline peaks

Crystallinity % = -100
rystallinity % Area under all peaks )
kA
" Bcost’ ()

where D is the crystallite size in angstroms (A), k is the
Scherrer constant, whose value is most commonly taken as
0.89, A is the wavelength of the X-ray beam wused
(1.5406 A), B is the Full width at half maximum (FWHM) of
the peak and 6 is the Bragg angle.

Figure 6 presents the Raman spectra of TiO,, TNTs,
MMT, and MMT/TNTs samples. The TiO, powder sample
exhibits characteristic Raman bands of the anatase phase at
140 cm™ (Eg), 193 cm™! (Eg), 394 cm™* (Big), 515 cm™
(A1g/B1g), and 636 cm™ (Eg). Notably, the 140 cm™ (Eg)
band is the most intense and is the anatase phase's most
easily identifiable signature [28-32].

The Raman spectrum of TiO, nanotubes (TNTs) is simi-
lar to that of the anatase-phase TiO,. However, changes in
the nanostructure may lead to slight shifts in peak positions
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or variations in band intensities. Specifically, due to the na-
noscale dimensions of the TiO, nanotubes, a broadening of
the Raman peaks can be observed, a common effect associ-
ated with smaller particle sizes. This broadening reflects
the strong interactions of crystal lattice vibrations at the
nanoscale, which reduce crystal symmetry and result in
broadened or blurred Raman bands [33].

MMT (montmorillonite) is characterized by a peak at
100 cm™}, indicative of lattice vibrations between the crys-
tal layers in the layered structure of MMT. This peak
arises from the vibrations and relative movements be-
tween Si-O and Al-O layers, typical of layered silicates. In
MMT’s layered structure, the silicate layers interact
through van der Waals forces and electrostatic interac-
tions, with the peak at 100 cm™ reflecting these interlayer
vibrations [34, 35].

When MMT is combined with TiO, nanotubes to form
the MMT/TNTs sample, the interaction between the silicate
layers of MMT and the TiO, nanotubes can influence the lat-
tice vibrations. This interaction may result in shifts in peak
positions, changes in intensity, or broadening of the Raman
bands, particularly the 100 cm™! peak. Additionally, the
combination may induce spectral changes due to size effects
and interactions between MMT and TNTs. Such interactions
may modify the intensity of the characteristic anatase TiO,
bands (e.g., the 140 cm™ and 636 cm™! peaks), which can
manifest as reduced intensity or broadening due to the dis-
persion and interaction of TNTs within the layered MMT
structure.

Figure 7 presents the N» adsorption-desorption iso-
therms for the TiO., TNTs, MMT, and MMT/TNTs samples,
with corresponding parameters summarized in Table 1. All
samples exhibit a characteristic type IV isotherm with a
prominent hysteresis loop, indicative of mesoporous struc-
tures.

= MMT/TNTs
=
Z
>
)
n
c
e MMT
=
TNTs

TiO2 powder

7o -
100 200 300 400 500 600 700 800 900 1000
Raman shift (cm')
Figure 6 Raman spectra of TNTs, MMT, and MMT/TNTs.
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Figure 7 N, adsorption-desorption isotherms of TiO,, TNTs, MMT,
and MMT/TNTs.

Table 1 Textural characteristics of TiO,, TNTs, MMT, and
MMT/TNTs.
Samples BET surface Pore Pore volume
P area (m?/g) diameter (A) (cm3/g)
TiO, 20.5 5.6 0.080
TNTs 45.2 9.9 0.082
MMT 83.2 40.9 0.134
MMT/TNTs 113.1 32.2 0.162

TiO: displays the lowest adsorption capacity, reflecting
its limited surface area (20.5 m2/g) [36, 37]. In contrast,
TNTs show a higher adsorption capacity due to their nano-
tube structure, which provides a larger surface area
(45.2 m?/g) compared to particle structures. This increased
surface area offers more active sites for interaction with
adsorbate molecules (such as N-), facilitating more efficient
adsorption [37]. MMT exhibits superior adsorption capacity
compared to both TiO2 and TNTs, likely due to its layered
structure, which provides additional adsorption sites. No-
tably, the MMT/TNTs composite achieves the highest ad-
sorption capacity, suggesting that the combination of MMT
and TNTs enhances both surface area and adsorption per-
formance. This underscores the potential of MMT/TNTs in
applications that require large adsorption surfaces, such as
catalysis, filtration, or energy storage.

The optical properties of MMT, TNTs, and MMT/TNTs
were analyzed using UV-Vis DRS as a function of the ab-
sorption coefficient to wavelength (Figure 8a). All three
materials—MMT, TNTs, and MMT/TNTs—exhibited strong
absorption in the UV region. The optical bandgap energy
from the absorption edges was calculated using Equation 3
[38]. The Tauc plot, based on the direct allowed transition,
was validated by plotting (ahv)? as a function of photon en-
ergy (hv) [39, 40]. The optical bandgap energies of MMT,
TNTs, and MMT/TNTs were determined to be 2.75, 3.12,
and 3.07 eV, respectively (Figure 8b). These values indicate
that while incorporating MMT into the TNT structure
slightly reduces the bandgap compared to pure TNTs, it still
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retains sufficient energy for effective photocatalytic activ-
ity in the UV region. This suggests that the MMT/TNTs com-
posite can potentially combine the advantages of both com-
ponents, enhancing photocatalytic performance through im-
proved adsorption and light absorption properties.

(ahv)™ = C (hv — Eg), (3)

where hv is the incident light energy(eV), v is the photon
frequency, a is the adsorption coefficient, C is the energy-
dependent constant, m is the factor that depends on the na-
ture of the electron transition and is equal to 1/2 or 2 for
the indirect or direct transition band gaps, and Eg is the
band gap energy (eV).

Figure 9 illustrates the differential efficiency of BB3 dye
decolorization under non-irradiated (adsorption) and UVC-
irradiated (photocatalytic) conditions. During the adsorp-
tion experiment conducted in the dark (Figure 9a), the
TNTs sample demonstrated the lowest adsorption capacity,
with the C/Co value remaining nearly unchanged and persis-
tently high after 240 minutes (C/Co = 0.9). In contrast, the
MMT sample exhibited better adsorption performance, char-
acterized by a substantial reduction in C/Co within a short
duration, stabilizing at approximately 0.4. The MMT/TNTs
composite outperformed both individual components, with
the C/Co ratio gradually declining to around 0.2, indicating
that the integration of MMT with TNTs markedly enhanced
the material's adsorption capacity.

1.0
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—— MMT/TNTs
— 084
=
s
@
Q
=
S
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<
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Figure 8 UV-Vis DRS spectrum (a); and Tauc’s plot showing opti-
cal bandgap energies (b) of MMT, TNTs, and MMT/TNTs.
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Figure 9 Adsorption - photocatalytic experiments of MMT, TNTs,
MMT/TNTs.

This improvement can be attributed to the increased
surface area provided by the nanostructured TiO, nano-
tubes within the composite, facilitating more efficient ac-
cess of pollutant molecules to the active sites. Additionally,
the TiO, nanotubes may introduce surface charge effects,
further contributing to pollutant molecules' effective trap-
ping and retention [41, 42].

In the photocatalytic experiment (Figure 9b), the initial
adsorption process under dark conditions yields similar re-
sults (time axis from -60 to 0), with the MMT/TNTs sample
continuing to demonstrate the best adsorption capacity.
When UVC light is introduced, the MMT/TNTs sample ex-
hibits superior performance, showing a significant de-
crease in C/Co from the onset of illumination and a steady
decline over time. In contrast, the TNTs and MMT samples
exhibit poorer photocatalytic efficiency, with C/Co decreas-
ing more slowly and remaining at higher levels compared
to MMT/TNTs. This indicates that the combination of MMT
and TNTs enhances adsorption capacity and improves pho-
tocatalytic efficiency. Titanium dioxide (TiO;), the principal
component of TNTs, is a widely used semiconductor in pho-
tocatalysis due to its ability to generate electron-hole pairs
when exposed to UV light. These electron-hole pairs can re-
act with water and oxygen in the environment to produce
free radicals, such as hydroxyl (OH-) and superoxide (O,-7),
which possess strong oxidative properties and can effec-
tively break down organic pollutants [43, 44]. When TNTs
are combined with MMT, the dispersion of TNTs is im-
proved thanks to MMT's layered structure, leading to en-
hanced contact between pollutants and photocatalytic ac-
tive sites. Moreover, MMT can further enhance the separa-
tion of electron-hole pairs by retaining or transferring elec-
trons, thereby reducing recombination processes and im-
proving the system's photocatalytic performance [45, 46].
In summary, the combination of MMT and TNTSs creates a
composite material that leverages the strengths of both
components: MMT's strong adsorption capacity and TNTs'
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high photocatalytic efficiency. This combination not only
improves the ability to handle pollutants but also signifi-
cantly boosts the effectiveness of organic pollutant degra-
dation under light exposure.

Figure 10 illustrates the effect of catalyst concentration
and BB3 concentration on photocatalytic efficiency, as
indicated by the C/Co ratio after the reaction. Figure 10a
shows that as the catalyst concentration increases from
0.05 g/L to 0.30 g/L, the C/Co ratio decreases sharply from
approximately 0.20 to nearly 0.0. This indicates a
significant improvement in photocatalytic efficiency with
higher catalyst amounts. This can be explained by the fact
that as the catalyst concentration rises, the number of
active sites on the catalyst surface also increases. This
enhances the generation of free radicals (OH-, O,-7) during
the improving the
degradation efficiency of the BB3 pollutant. However, it is
important to note that beyond a certain level further
increases in catalyst concentration may not lead to
significant benefits or might even reduce performance due
to light saturation or excessive light scattering in the
solution [47, 48].

The impact of the initial concentration of BB3 on

photocatalytic reaction, thereby

photocatalytic efficiency is illustrated in Figure 10b. It
shows that as the initial concentration of BB3 increases
from 5 ppm to 25 ppm, the C/Co ratio also increases,
indicating a reduction in photocatalytic efficiency. The C/Co
ratio rises from nearly 0.0 at 5 ppm to around 0.20 at
25 ppm. This can be explained by the fact that as the BB3
concentration increases, the number of BB3 molecules in
the solution also rises. This results in competition among
BB3 molecules for access to the active sites on the catalyst
surface, reducing the likelihood of individual BB3 molecules
interacting with the free radicals generated during the
photocatalytic process. Additionally, a high concentration
of BB3 can diminish light penetration into the solution,
thereby reducing the effectiveness of the photocatalytic
[49, 501l
photocatalytic efficiency, it is crucial to control both the

reaction Therefore, to achieve optimal

catalyst amount and the initial pollutant concentration.
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Figure 10 Effect of the MMT/TNTs dosages (a), and the initial RhB
concentration (b) on the photocatalytic of RhB under UVC 15 W.
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Table 2 Comparing the removal efficacy of MMT/TNTs for the degradation of basic blue 3 with other studies.

Photocatalyst Concent(l;:l;i;);l of BB3 Light source l;:lnc::::t(agl/y:; e fgizlc(;,v(aol/o) Ref.
MMT/TNTs 10 I‘;VVCV 0.1 95 This study
TiO,/MMT 10 Ul;gz;sz;xic 1 80 [51]
b e o e :
K,S.0s 10 ;)VSV 0.250 80 [53]
TiO,/Fe,0; 3 Direct sunlight 0.001 92.5 [54]

irradiation

Compared to the recent studies on the removal of BB3
using various photocatalysts, as summarized in Table 2,
MMT/TNTs demonstrate highly competitive performance.
Specifically, with a BB3 concentration of 10 ppm, a photo-
catalyst dosage of 0.1 g/L, and under UVC light, the
MMT/TNTs composite achieved a 95% removal efficiency.
This is notably higher than the TiO,/MMT catalyst, which
required a significantly larger amount of photocatalyst
(1 g/L) and ultrasonic irradiation to reach 80% efficacy.

In comparison with other advanced systems, such as
those using the Response Surface Methodology (RSM) and
K,S,05, which reached removal efficiencies of 95.06% and
80%, respectively, the MMT/TNTs composite shows similar
or superior performance with a much lower catalyst dosage
and lower energy consumption, as it requires only a 15 W
UVC light source. Additionally, although the TiO,/Fe,0; cat-
alyst achieved a comparable removal efficiency of 92.5%
under direct sunlight, it was tested at a lower concentration
of BB3 (3 ppm), making the MMT/TNTs catalyst more effi-
cient under higher pollutant concentrations.

These comparisons highlight the significant potential of
MMT/TNTs for efficient dye degradation, particularly in terms
of lower energy requirements and minimal catalyst dosage.

4. Limitation

One of the limitations of this study is the unavailability of
certain advanced analytical methods, such as PL and SAED,
due to the constraints of the local equipment.

5. Conclusions

We successfully synthesized a nanocomposite (MMT/TNTSs) by
combining montmorillonite (MMT) and TiO, nanotubes
(TNTs), and demonstrated its potential as an efficient photo-
catalyst for the degradation of organic dyes in wastewater un-
der UVC irradiation. The nanocomposite exhibited dual func-
tionalities: MMT contributed to dye adsorption, while TNTs
provided photocatalytic activity. With a dye degradation effi-
ciency of 95%, significantly outperforming pristine MMT and
TNTs, MMT/TNTs offer a promising and sustainable approach
to wastewater treatment. This research highlights the feasibil-
ity of using naturally sourced materials for advanced environ-
mental remediation applications.
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