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Here we show that bimetallic Ti-Al-SBA-15 materials were synthesized successfully from
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titanium tetraisopropoxide (TTIP) and natural halloysite clay via the direct hydrothermal method.
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The results revealed that the incorporation of titanium species in the Al-SBA-15 framework
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retained the characteristic peaks and possessed an increased Brunauer-Emmett-Teller (BET)
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surface area in comparison to the conventional AI-SBA-15 material. The successful isomorphous
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substitution of titanium in the Al-SBA-15 framework was confirmed by X-ray photoelectron
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spectroscopy (XPS) and Raman spectroscopies. The transmission electron microscopy (TEM)
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images showed that the composite material exhibited a highly ordered 2-D hexagonal
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mesostructure. The photocatalytic activity of these Ti-Al-SBA-15 mesoporous materials were
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assessed by dibenzothiophene (DBT) conversion under UV light irradiation, showing that the Al-
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SBA-15 sample containing 7.5 wt.% of titanium possessed the highest photocatalytic activity with
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a conversion of 92.68% at 70 °C and maintained the catalytic performance after four cycles. These
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results suggest a promising technique to produce the Ti-Al-SBA-15 photocatalyst from an

abundant and low-cost clay material.
Keywords. Halloysite, Ti-AI-SBA-15, titanium species, DBT, oxidative desulfurization.
1. Introduction

Doping titanium into molecular sieve materials, such as metallosilicates and zeolites, can
provide enhanced performance of various photocatalytic reactions [1-5]. Accordingly, ordered
mesoporous silica has attracted much attention as a catalyst support due to the discovery of porous
inorganic solids of the 41S family by Mobil Research & Development Corporation [6]. Within the
family of mesoporous materials, SBA-15 is a new mesoporous silica molecular sieve with tunable
uniform hexagonal channels ranging from 5 nm to 30 nm. Its thick framework walls (3—5 nm)
provide thermal stability that exceeds that of the thinner wall MCM-41 [7.8]. To date, the synthesis
of mesoporous materials has been limited due to the need for expensive and toxic silica sources.
To overcome these drawbacks, researchers have recently synthesized mesoporous materials using
inexpensive inorganic silicate. Bentonite and kaolinite are natural widely available minerals.
Bentonite mainly consists of montmorillonite, which is a 2:1 layered silicate and its unit layer

1** octahedral sheet placed between two Si** tetrahedral sheets, whereas

structure consists of one A
kaolinite [Als(S14010)(OH)g] is a 1:1 no swelling clay. Halloysite (Al4[Si4O10](OH)s.4H20) is a
dioctahedral 1:1 clay mineral of kaolin, in which an alumina of [AlO¢] octahedral sheet 1s related
to a silica [S104] tetrahedral sheet, consisting of hollow cylinders formed by multiple rolled layers
[9,10]. Recently, Yang et al. [11] reported the synthesis of ordered mesoporous materials Al-
MCM-41 from bentonite, with pretreated bentonite used as silica and aluminum sources. Fang et

al. [2] synthesized titanium containing MCM-41 from industrial hexafluorosilicic acid as catalyst

for epoxidation of cyclohexene. Shu et al. [12] proposed a novel template-free method for
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preparing mesoporous materials from natural minerals via the successive treatment of natural
kaolin by calcination, alkali activation and acid etching. Okada et al. [13,14] synthesized
mesoporous silicas and Al-containing mesoporous silicas by hydrothermal treatment of selectively
acid-treated saponite, acid leached metakaolinites. Kimura et al. [15] developed FSM-16-type

(p6mm) mesoporous silica via layered intermediates composed of fragmented silicate sheets.

The introduction of titanium species on the inner walls of SBA-15 can provide new
catalytic active sites due to the interaction of TiO> with SiO;. Ti-Al-SBA-15 material based on Al-
SBA-15 shows extraordinary thermal, hydrothermal, and hydrolytic stabilities, with the potential
as a photocatalyst [ 16-19]. However, the incorporation of titanium into the siliceous frameworks
of SBA-15 materials renders it difficult to create catalytic active sites under strongly acidic
conditions due to the hydrolysis of the Ti-O-Si network. To overcome the acidity, Xiao et al. [20]
prepared heteroatom substituted SBA-15 using the “pH-adjusting” method, while Li et al. [21]
prepared Ti-SBA-15 by controlling the hydrolysis of the siliceous source in the presence of

fluoride.

Titanium dioxide has also been incorporated into mesoporous silicalite-1 (TS-1) as a base
photocatalyst, with a sufficiently wide band gap to directly absorb visible light, exhibiting good
activity for the oxidation of bulky organics [22-24]. Khalid et al. [25] developed a single-pot
synthesis of NiMo-supported Ti-SBA-15 catalysts for hydrodesulfurization (HDS) of
dibenzothiophene. Andrea et al. [26] studied the oxidative desulfurization (ODS) of
dibenzothiophene in liquid fuel model with titanium-modified SBA-16, showing that the ODS
activities for nanometric TiO; species of TiO2/SBA-16 sample achieved 90% of S removal at 60

°C in less than 1 h. Furthermore, Li et al. [27] studied a novel Ti-containing SBA-16-type
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mesoporous material directly synthesized by the evaporation-induced self-assembly method,

showing that the photocatalyst was highly active in the oxidation of dibenzothiophene (DBT).

To the best of our knowledge, there is no report concerning the use of halloysite minerals
for synthesis of Ti-Al-SBA-15 mesoporous structures. In this work, Ti-Al-SBA-15 was
synthesized using the direct hydrothermal treatment method from natural halloysite without
addition of silica and aluminum reagents. The physiochemical properties were investigated by X-
ray diffraction (XRD), nitrogen adsorption-desorption measurements (N2 sorption), transmission
electron microscopy (TEM), diffuse reflectance ultraviolet-visible spectroscopy (DR UV-vis),
Fourier transform Raman spectroscopy (FT-Raman), X-ray photoelectron spectroscopy (XPS),
and scanning electron microscopy-energy dispersive spectrophotometer (SEM-EDS). The
catalytic performance of mesoporous Ti-containing Al-SBA-15 for ODS of DBT was also

investigated.
2. Experimental

2.1 Materials

Halloysite clay obtained from Yenbai Province (Vietnam) was milled and sieved, followed
by oven drying at 373 K for 24 h, and had the following chemical compositions (mass percentage):
32.26 Si02; 13.67 Al2O3; 4.38 Fe203; 0.39 TiO2; 2.75 CuO; 1.25 MgO; 22.70 NaxO; and 22.60
loss on ignition (LOI). Triblock copolymer Pluronic P123 (EO20-PO70—EO20, MW = 5800) used
as template, titanium isopropoxide (Tif[OCH(CHs):]s, TIPP 98%), acetic acid (CH3;COOH,
99.7%), ethanol (C2HsOH, 99.7%), dibenzothiophene (Ci2HsS, 99%), n-octane (CsHig, 99%),
hydrogen peroxide (H202, 30%) were purchased from Sigma-Aldrich. Concentrated HCI and
NaOH aqueous solutions were used as the acid and base sources, respectively. All reagents were

analytical grade and were used without further purification.
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2.2 Synthesis of Ti-AI-SBA-15 from halloysite

Ti-Al-SBA-15 materials were synthesized using the alkali-leached sample and titanium
isopropoxide as precursor solutions. Halloysite was treated following the procedure of Yan et al.
[28]. First, 10 g of halloysite was calcined at 700 °C for 2 h in air at a heating rate of 5 °C min!,
then 100 mL of 2 M NaOH solution was added, stirred and aged at 80 °C for 24 h. The solution
was cooled to room temperature, the supernatant was then filtered, washed, dried at 80 °C
overnight to form the alkali-leached sample and used silicon and aluminum as sources. Secondly,
a titanium precursor solution was prepared by dissolving titanium isopropoxide in mixed solvents
(ethanol and acetic acid) with a molar ratio at 1 TifOCH(CHs)2]4: 10 C2HsOH : 1 CH3COOH and

stirred for 1 h at room temperature.

The titanium containing AI-SBA-15 was obtained by the one-step synthesis method. In a
typical synthesis, 4 g of the structure directing agent, Pluronic 123, was dissolved in 120 mL of 2
M HCI solution under stirring for 3 h at 40 °C. Then, 5 g of the alkali-leached sample mixed with
a calculated amount of titanium precursor solution (0.55, 0.825 and 1.1 mL of TIPP) was added
slowly under vigorous stir at 40 °C for 24 h. The resultant mixture was then transferred into a
Teflon-lined steel autoclave and aged at 100 °C for 48 h. After aging, the resultant solid product
was filtered, washed with deionized water and dried at 80 °C in an oven, before being calcined at
550 °C for 5 h in air at a heating rate of 2 °C min"'. The prepared samples were denoted as 5Ti-Al-
SBA-15, 7.5Ti-Al-SBA-15 and 10Ti-Al-SBA-15 corresponding to 5, 7.5 and 10 wt.% of titantum
in the samples, respectively. For comparison, an AI-SBA-15 sample without titanium was also

synthesized via the same procedure, without the addition of the titanium precursor solution.
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2.3 Characterization of Ti-Al-SBA-15

XRD patterns were recorded on a D8 Advance-Brucker instrument using CuK, radiation (A =
0.1549), with the specific surface area calculated by the Brunauer-Emmett-Teller (BET) method
in the 0.05-0.30 P/P, range. The pore size distribution and their volumes were derived from the
desorption branch of the N> isotherms using the Barrett-Joyner-Halenda (BJH) method. The
Raman spectra of samples were analyzed by a LabRAM HR800 spectroscopy (HORIBA). The
sample powder was placed in a clean glass sample holder and the spectra was recorded in a range
from 200 cm™ to 1500 cm™'. UV-vis spectra were measured using a UV-Visible spectrophotometer,
JASCO V-670 scanning spectrophotometer equipped with an integrating sphere from 200 nm to
800 nm, with BaSOj as a reference material. TEM measurements were performed with a JEOL
JEM-1010 operated at an accelerating voltage of 200 kV. XPS spectra were recorded using
KRATOS Axis 165 (Shimadzu, Japan) with Mg K, radiation (1253.6 eV). Chemical analysis was

performed by EDS of Varian Vista Ax Energy-dispersive X-ray spectroscope.
2.4. Photocatalytic activity

Photocatalytic activity was evaluated by measuring the conversion of DBT solution
(containing 500 ppm sulfur) in #-octane in the presence of the catalyst under UV light irradiation.
In the typical experiment, 0.05 g of Ti-Al-SBA-15 photocatalysts and 20 mL of DBT solution were
added to a 250 mL three-neck round bottomed flask with a water condenser, and the mixture stirred
for 60 min in the dark to attain adsorption and temperature equilibrium. Then, 0.5 mL of 30%
aqueous of H202 was dropped into the flask and the mixture exposed to UV (35 W) while stirring
at different temperatures (30, 50 and 70 °C). The reaction solution samples were collected every
60 min for 360 min. The catalyst was separated from sample solutions by a filter and the remaining

sulfur content (ppm) evaluated by Shimadzu HPLC Series 20A using Waters X-Bridge C18
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Column (25 cmx4 mmx5 pm). The chromatographic parameters were as follows:
acetonitrile/H>O ratio of 70/30 (v/v), UV detector wavelength set at 315 nm, the flow rate at 1.3
mL min™', and volume injection of 10 pl. The DBT conversion was determined by the following

equation:
C (%) =(Co— C)/Co

where, C, 1s the DBT concentration (ppm) at time ¢ = 0; and C; is the DBT concentration (ppm) at

time ¢.
3. Results and Discussion
3.1. XRD characterization

XRD patterns and SEM 1mages of the natural halloysite are presented in Fig. 1. The XRD
diagram of the natural halloysite clay in Fig. 1a shows the main peaks at 26 values of about 12.1°,
20.1°, 24.5° 35.0° 38.6°% 54.5° and 62.5° corresponding to the primary diffraction of the (001),
(100), (002), (110), (003), (210) and (300) planes of the halloysite with JCPDS Card No. 29-1487.
In addition, a minor amount of quartz (26 = 26.7) was also observed in the XRD diagram, which
1s in agreement with a previously published pattern for halloysite [29]. The uniform “stick”-like

shape is clear in the SEM image of halloysite (inset Fig. 1b).
Fig. 1.

The XRD patterns of AI-SBA-15 and Ti-Al-SBA-15 obtained from halloysite are shown
in Fig. 2. As shown in Fig. 2A, the small-angle XRD patterns of the samples showed a well-
resolved two-dimensional (2D)-hexagonal lattice symmetry, exhibiting a prominent peak below
1° of 26 corresponding to hkl = (100), and two lesser peaks at 1.65° and 1.8° of 26 corresponding

to (110) and (200), respectively. However, the intensities of diffraction peaks at dioo decreased
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with increased titanium content, indicating that more titanium incorporated into framework of

silica-alumina structure of Al1-SBA-15 material may result in damage to the pore structure.

As shown in Table 1, ao unit-cell parameter of Ti-Al-SBA-15 samples increased with Ti content,
that may be due to the ionic radius of titanium species (Ti*" = 0.72 j\) [30] being much larger than
that of silica species (Si*"=0.41 A) [31], corresponding to higher bond length of Ti—O (0.179 nm)
than Si—O (0.161 nm). This may result in some T1 atoms becoming incorporated into framework
and replacing Si atoms, which causes some deformation of the parent AI-SBA-15 tetrahedral

coordination structure [32-34].

The wide-angle XRD patterns of all the samples are shown in Fig. 2B. There were no clear
characteristic peaks at higher angles, indicative of amorphous substances, except the 10Ti-Al-
SBA-15 sample which exhibited a weak peak corresponding to the bulk TiO; at 20 = 25.2°. This
peak may be due to the extra-framework anatase phase. This result suggests that titanium species

were incorporated into the mesoporous silica framework.
Fig. 2.
3.2. Energy-dispersive X-ray spectroscopy (EDX)

The EDX results (Fig. 3) show the existence of Al, O and Si elements corresponding to Al-
SBA-15 and Ti, Al, O, and Si elements in the ordered domains of 7.5Ti-Al-SBA-15, with no other

impurities observed.
Fig. 3.
3.3. N> adsorption-desorption isotherms

Fig. 4 shows the nitrogen adsorption-desorption isotherms at 77 K for Al-SBA-15 and Ti-

Al-SBA-15 samples, which exhibited a type IV adsorption isotherm with H; hysteresis loop in the
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P/P, range of 0.6-1.0, indicating that all samples retained a mesoporous structure and
characteristic of porous condensation within uniform pores of parent SBA-15 after incorporation
of titanium species [35]. The textural properties of the samples are listed in Table 1. The BET
surface area of all samples was estimated to be between 630.49 m? g'! and 742.30 m? g"!. The pore
diameter was calculated from desorption curves of the BJH, with a pore size distribution between
8.1 nm and 8.7 nm, indicating a slight increase in pore size with increasing Ti content of 10 wt.%.
The results show that the BET surface area and pore volume of Ti-Al-SBA-15 samples are greater
than that of AI-SBA-15 and decrease with increasing Ti content, perhaps due to the formation of

excess Ti0; particles.
Fig. 4.

Table 1.

3.4. Raman spectroscopy

Raman spectra of AI-SBA-15 and 7.5Ti-Al-SBA-15 are shown in Fig. 5. For the pure Al-
SBA-15 sample, the band at 494 cm™ is attributed to the asymmetric stretching vibration of the Si-
O-Si bond and the symmetric stretching of Si-O-Si observed at 787 cm™. The band at 967 cm™!
could be assigned to the n(S1OH) vibration of surface silanol groups present in the framework
defects of the mesoporous structure [36,37]. The 7.5Ti-Al-SBA-15 sample shows a strong
intensity band at 1109 cm™, which was assigned to the asymmetric stretching mode of the Ti-O-
Sibonds. This band could be due to the resonance Raman effects of the titanium species framework
in tetrahedral coordination environments [38]. Furthermore, the bands at 144, 197, 395, 517 and
638 cm™! corresponded to the Ti-O framework vibrations of TiO; anatase phase, which was not
found in the Raman spectra, indicating that the Ti*' ion exists in the framework of the solid Al-

SBA-15.
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Fig. 5.
3.5. X-ray photoelectron spectroscopy (XPS)

Here we used XPS as a technique to investigate the chemical nature of the active species
in the catalyst. Fig. 6a presents the T1 2p region showing Ti p32—T1 p12 doublets. The peak at 457.5
eV corresponded to Ti 2p32 and the one at 463.2 eV to 2pi., that can be assigned to the presence
of tetrahedral coordination of Ti*" ions [39-41]. Furthermore, the framework incorporating Ti*"
was verified by the O 1s (Fig. 6b). The XPS spectrum of O 1s showed a peak assigned to Ti-O
with corresponding binding energy of 533.92 eV [42.43]. These results confirmed that titanium

species were inserted in the framework of AI-SBA-15 mesoporous material.
Fig. 6.
3.6. Transmission electron microscopy (TEM)

The TEM images of Al-SBA-15 and 7.5Ti-Al-SBA-15 are shown in Fig. 7, clearly
demonstrating the regular arrangements of the hexagonal mesopores. The regularity of these
mesopores was not affected after the incorporation of titanium ions. The TEM images also show
that the materials are highly porous, with a pore diameter of about 8-10 nm. These results were in

good agreement with the N> adsorption-desorption analysis data.

Fig. 7.
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3.7. UV-vis spectra

The UV-vis diffuse reflectance spectra (DRS) of Al-SBA-15 and Ti-containing Al-SBA-
15 samples are presented in Fig. 8. The Al-SBA-15 material exhibited a small shoulder peak
centered at 216 nm corresponding to the Al-O bond, which is due to the oxygen-to-metal charge-

transfer transition of four-coordinated framework aluminum, characteristic of the alumina-silica

structure of AI-SBA-15 [44].
Fig. 8.

All Ti-Al-SBA-15 spectra exhibited two broad bands centered at 220 and 313 nm,
corresponding to the charge-transfer transitions of oxygen to tetrahedrally coordinated Ti ions

[21,45]. The intensity of these bands increased with the increasing titanium content in the starting

gels from 5% to 10% in Al-SBA-15.

The band gap of the samples was calculated using formula E;= 1240/4, in which E; is the
band gap energy, and 4 is the wavelength of the absorption edge. The band gap decreased from
3.18 to 2.93 eV with increasing titanium content of 5% to 7.5%, respectively, and a slight increase
in band gap with increasing Ti content of 10 wt.% (E:=2.99 eV), indicating that a separate anatase-
like phase was not formed in any structure of Ti-Al-SBA-15 sample even with the high titanium

content [46].
3.8. Catalytic activity

To evaluate the potential use of Ti-Al-SBA-15 materials as ODS photocatalysts, DBT were
chosen as model fuel with n-octane as solvent (containing 500 ppm DBT) and H>O: as oxidant.
The photocatalytic activity of the catalysts was evaluated under UV light irradiation, at 30, 50, and

70 °C, with a reaction time of 360 min. The ODS results are presented in Figs. 9-11. Notably, all
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Ti-Al-SBA-15 catalysts exhibited ODS of DBT. However, almost no photocatalytic
degradation was observed in the Al-SBA-15, indicating that the Al-SBA-15 is not as
photocatalytically active as the other samples, and adsorption of DBT is a function of time
in the first step. After that, with the presence of H202, degradation of DBT over Al-SBA-15
catalyst was about 13.3%, 18.7%, and 24.5% at 30 °C, 50 °C, and 70 °C, respectively, within
360 min of reaction. This degradation might be due to the presence of weak acid sites on the
catalyst surface. Fig. 9 shows the DBT conversion as a function of reaction time at 30 °C, with a
rapid increase in the conversion rate after 240 min. At this time, the DBT conversion achieved
39.93% using 5Ti-Al-SBA-15 catalyst, 50.64% using 7.5Ti-Al-SBA-15 catalyst, and 45.85%
using 10Ti-Al-SBA-15 catalyst. After 360 min, 55.62% DBT was converted with 7.5Ti-Al-SBA-
15 catalyst. The photocatalytic activity of Ti-Al-SBA-15 catalysts for ODS of DBT at 50 °C is
presented in Fig. 10, showing that the DBT conversion reached 77.63% with 7.5Ti-Al-SBA-15
after 360 min. Fig. 11 presents the results of the ODS process at 70 °C, showing that after 360 min,
the conversion of DBT was a maximum of 92.68% using the 7.5Ti-Al-SBA-15 catalyst. These
results indicate that increasing Ti content from 5.0% to 7.5% leads to an increase in the DBT
conversion from 67.22% to 77.63% at 50 °C, and from 80.54% to 91.22% at 70 °C. However, by
increasing Ti content to 10 wt.%, the conversion of DBT decreased to 70.24% and 86.26% at 50
and 70 °C, respectively, which may be due to the lower band gap energy, as well as the BET
surface area and pore volume of 10Ti-Al-SBA-15 photocatalyst compared to the other
photocatalysts. The reason could be that the excess TiO2 might form aggregates blocking the
transfer of electrons and holes in Ti-Al-SBA-15 photocatalyst and decreasing the
performance. These results were in agreement with our previous research [47]. It was clear that

the maximum DBT conversion occurred at 70 °C, as this high reaction temperature promoted the
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decomposition of H20; oxidant, thus increased the generation of hydroxyl radicals ("OH) formed

on the surface of the catalysts, leading to the ODS of DBT.
Fig. 9.

Fig. 10.

Fig. 11.

As shown m Fig. 12, with Al-SBA-15 catalyst, the degradation of DBT 1s 24.5% after 360
min irradiation, because the AI-SBA-15 catalyst had no photocatalytic activity. Furthermore, the
photolysis of DBT without any photocatalyst 1s negligible as the DBT concentration 1s almost

unchanged (5.9% degradation of DBT after 360 min irradiation).
Fig. 12.

The photocatalytic activity of titanium catalyst for the degradation of DBT was related to
the oxidizing agents. In the presence of titano-alumino-silicate material, DBT 1is known to be
converted to form dibenzothiophene sulfoxide and dibenzothiophene sulfone by radical reaction
[48-50]. The first step consists of the reaction between the titanium in the catalyst with the lone
pair of electrons of oxygen of hydrogen peroxide which forms a titantum-peroxo complex. The
Ti-O-Si chemical bond is broken and Ti-OOH and Si-OH are formed. Ti-peroxide complex
undergoes a nucleophilic attack by the sulfur of DBT to form sulfoxide. In the following step,
dibenzothiophene sulfoxide undergoes further oxidation with another titanium-peroxo complex
and forms dibenzothiophene sulfone. The proposed mechanism of oxidation of dibenzothiophene
with Ti-Al-SBA-15 catalyst is shown in Fig. 13.

Fig. 13.
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3.9. Recycling

The stability of the photocatalyst was evaluated by recycling 7.5Ti-Al-SBA-15 for photo-
oxidation of DBT under UV light irradiation. The ODS of DBT was repeated four times using the
following operating conditions: 0.05 g catalyst, 20 mL of model fuel, temperature of 70 °C and
reaction time of 360 min. After each run, the catalyst after ODS of DBT was separated, recovered,
and used for the next run. The DBT conversion after 360 min is presented in Fig. 14, showing that
the ODS of DBT reduced by approximately 1.5% in the fourth cycle, that may be due to the catalyst
mass loss in the cyclic experiments. Nonetheless, the synthesized Ti-Al-SBA-15 photocatalyst

maintained its activity and stability for several cycles.
Fig. 14.
4. Conclusions

In this study, Ti-incorporated Al-SBA-15 materials with different Ti content were prepared
by a direct hydrothermal procedure from halloysite clay and titanium tetraisopropoxide precursors.
Highly ordered mesoporous Ti-Al-SBA-15 catalysts with a specific surface area of up to 742.3 m?
g™l and pore volume of 1.32 cm® g! were synthesized from halloysite clay via treatment of natural
halloysite by calcination, alkali activation and leaching. The Ti-Al-SBA-15 samples revealed long
range order and regular 2-D hexagonal mesostructure. Titanium was effectively incorporated into
the framework structure of the AlI-SBA-15 material, as confirmed by Raman and XPS analysis.
Regarding photocatalytic activity, the 7.5Ti-Al-SBA-135 catalyst converted more than 90% of the
DBT solution containing 500 ppm S at 70 °C in 360 min under UV light irradiation, maintaining

its efficiency and stability through four cycles.
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Figure

Figures caption

Fig. 1. (a) XRD patterns, (b) SEM image and powder sample (inset) of natural halloysite.

Fig. 2. (A) Small-angle and (B) wide-angle of XRD patterns of (a) the synthesized Al-SBA-

15(b) 5Ti-Al-SBA-15, (¢) 7.5Ti-Al-SBA-15 and (d) 10Ti-Al-SBA-15 from halloysite.
Fig. 3. EDX analysis of (a, b) AI-SBA-15 and (b) 7.5Ti-Al-SBA-15.

Fig. 4. (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution of (a) Al-

SBA-15, (b) 5Ti-Al-SBA-15, (c) 7.5Ti-Al-SBA-15 and (d) 10Ti-Al-SBA-15 samples.
Fig. 5. Raman spectra of (a) AI-SBA-15 and (b) 7.5T1-Al-SBA-15 photocatalysts.
Fig. 6. XPS spectrum of 7.5Ti-Al-SBA-15: (a) Ti 2p spectrum and (b) O s spectrum.
Fig. 7. TEM images of (a, b) AI-SBA-15 and (¢, d) 7.5Ti-Al-SBA-15 materials.

Fig. 8. The UV-vis DRS of (a) AI-SBA-15 and (b) 5Ti-Al-SBA-15, 7.5Ti-Al-SBA-15, 10Ti-Al-

SBA-15 photocatalysts.

Fig. 9. Conversion of DBT as a function of reaction time at 30 °C. Conditions: 20 mL model

fuel; 0.05 g catalyst; 0.5 mL H20x.

Fig. 10. Conversion of DBT as a function of reaction time at 50 °C. Conditions: 20 mL model

fuel; 0.05 g catalyst; 0.5 mL H2O».

Fig. 11. Conversion of DBT as a function of reaction time at 70 °C. Conditions: 20 mL model

fuel; 0.05 g catalyst; 0.5 mL H2O».

Fig. 12. Conversion of DBT as a function of reaction time at 70 °C. Conditions: 20 mL model fuel;

with 0.05 g catalyst and without catalyst; 0.5 mL H>O».

Fig. 13. Proposed mechanism for the oxidation of dibenzothiophene with Ti-Al-SBA-15 catalyst.



Fig. 14. Recycling activity of 7.5Ti-Al-SBA-15 photocatalyst for ODS of DBT. Conditions: 20

mL model fuel; 0.05 g catalyst; 0.5 mL H20;; reaction temperature 70 °C.
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Fig. 1. (a) XRD patterns, (b) SEM image and powder sample (inset) of natural halloysite.
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Fig. 2. (A) Small-angle and (B) wide-angle of XRD patterns of (a) the synthesized Al-SBA-

15(b) 5Ti-Al-SBA-15, (c) 7.5Ti-Al-SBA-15 and (d) 10Ti-Al-SBA-15 from halloysite.
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Fig. 3. EDX analysis of (a, b) AI-SBA-15 and (b) 7.5Ti-Al-SBA-15.
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Fig. 7. TEM images of (a, b) AI-SBA-15 and (c, d) 7.5Ti-Al-SBA-15 materials.
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Fig. 8. The UV-vis DRS of (a) Al-SBA-15, (b) 5Ti-Al-SBA-15, (c) 7.5Ti-Al-SBA-15 and

(d) 10Ti-Al-SBA-15 photocatalysts.
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Fig. 10. Conversion of DBT as a function of reaction time at 50 °C. Conditions: 20 mL model

fuel; 0.05 g catalyst; 0.5 mL H>O».
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Fig. 11. Conversion of DBT as a function of reaction time at 70 °C. Conditions: 20 mL model

fuel; 0.05 g catalyst; 0.5 mL H20..
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Fig. 12. Conversion of DBT as a function of reaction time at 70 °C. Conditions: 20 mL model

fuel; with 0.05 g catalyst and without catalyst; 0.5 mL H>Oo.
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Fig. 13. Proposed mechanism for the oxidation of dibenzothiophene

with Ti-Al-SBA-15 catalyst
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Fig. 14. Recycling activity of 7.5Ti-Al-SBA-15 photocatalyst for ODS of DBT. Conditions: 20

mL model fuel; 0.05 g catalyst; 0.5 mL H202; reaction temperature 70 °C.



