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ABSTRACT

In this study, the Cu-TiO,-SBA-16 photocatalytic materials were
successfully prepared by direct hydrothermal synthesis method. The
products were characterized by X-ray diffraction (XRD), Ultraviolet—
Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS), energy
dispersive X-ray (EDX), transmission electron microscopy (TEM), N
adsorption—desorption isotherms, X-ray photoelectron spectroscopy
(XPS) methods. The analysis illustrated that Cu-TiO, nanocrystals were
successfully incorporated into the SBA-16  mesopores. The
photocatalytic activity of these Cu-TiO.-SBA-16 mesoporous materials
have been tested by the oxidative desulfurization reaction of
dibenzothiophene (DBT) using H,O; as an oxidant under UV light
irradiation. The results showed that the Cu-TiO;-SBA-16 mesoporous
materials prepared at the Cu/Ti mole ratios of 0.05 showed higher
photocatalytic activity than the rest due to the decrease in band gap
energy.

1. Introduction

attention worldwide. The conventional method for
removing sulfur is to use hydrodesulphurization (HDS).

Sulfur compounds in fuel oils lead to the emission of
sulfur oxide gases (SOx) which causes equipment
corrosion and respiratory disorders in humans, acidifies
soil and damages forests and various other ecosystems
[1. Furthermore, the presence of sulfur compounds
during the refining process can promote the poisoning
of some catalysts and cause corrosion problems in
pipelines, pumping and refining equipment [2,3]. To
reduce SOx emissions, many countries around the
world have introduced stricter requirements on the
sulfur content of raw materials [4]. Therefore, deep
desulfurization of fuel oils has attracted increasing

This method requires to be carried out under harsh
conditions such as high temperature and pressure (300
- 340°C, 20 -100 atm) and high hydrogen pressures [5].
Although HDS is highly efficient in removing thiols,
sulfides, and disulfides, this method still encounters
many difficulties when desulfurizing aromatic sulfur
compounds  such as dibenzothiophene  (DBT),
benzothiophene (BT), and derivatives [6]. To overcome
these problems, many methods have been applied
such as oxidation and reduction of sulfur, adsorption
and desulfurization, extraction with ionic liquid,
biological desulfurization [7],... The catalytic oxidative
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desulfurization sulfur (ODS) method is one of the
methods that has the potential to replace the HDS
method due to mild operating conditions such as low
temperature, pressure and no hydrogen consumption
[8]. Under these conditions, sulfur-containing
compounds can be selectively oxidized to sulfoxides or
sulfones in the presence of hydrogen peroxide. There
are many catalysts that have been studied for use in
the ODS process such as ionic liquids,
polyoxometalates [9],...

In recent years, there have been many studies on TiO>
due to its good photocatalytic properties and low
price. Some studies have aimed to improve the
catalytic properties and expand the light absorption
ability of TiO; to the visible light region by doping
many metals such as Ni, Fe, Sn and Cu [10,11]. Copper
has been investigated as a dopant, and copper oxide
(CuO) illustrated a high absorption coefficient due to
its narrow band gap of 12 eV. CuO modified TiO2
demonstrated the highest photocatalytic activity in
comparison  with  other metals [12], Besides,
TiO; catalyst based on anderson-polyoxometalates
[21], TiO.-Modified Y  Zeolite [22] using for
photocatalytic oxidative desulfurization under visible
light. TiO2 and Cu-TiO; can be synthesized by many
techniques. Among the above methods, the sol-gel
method has many advantages such as high purity and
compositional homogeneity of the products [13].

Although the nanosynthesis of TiO, and modified TiO:
is well established, there are still some problems that
still generally exist during production. For example,
TiOz usually consists of tiny particles , which are difficult
and expensive to separate and recover from
suspension after regeneration, especially when it
coexists with multicharged ions. In addition, TiO:
nanoparticles easily agglomerate into larger particles
and reduce catalytic efficiency [14]. To overcome this
drawback, some studies have attached TiO; to
supports such as zeolite, MCM-41 as well as many
other mesoporous SBA-15 with with channel-like pore
structures and high specific surface area, have been
considered as prospective materials in catalysis [15,16].
Among these silica materials, SBA-16 is considered a
very interesting mesostructure due to the fact it has a
three-dimensional  (3-D) cage-like mesostructure,
corresponding to the Im3m space group [17]. Up to
now, there have not been many published results of
incorporating metal ions into the SBA-16 framework for
the sulfur redox process.

In this study, Cu-TiO, nanocrystals were synthesized by
the sol-gel method through a precursor solution of

titanium isopropoxide and copper acetate. Then, the
Cu-TiOz sol was used as the metal source in the direct
synthesis of SBA-16 material. The synthesized catalysts
were studied for their structural and optical properties.
The photocatalytic activity of photocatalysts in the
decomposition  of dibenzothiophene under UV
irradiation was also studied.

2. Experimental

Materials

Pluronic F127 (EO1sPO70EO10s), tetraethyl orthosilicate
(TEOS), chlorhydric acid (HCl), n-butanol (C4HeOH),
titanium isopropoxide (Ti(OCsHy)s), ethanol (C:HsOH),
acetic acid (CH3COOH), acetate copper (CH3COO).Cy,
dibenzothiophene (DBT), hydrogen peroxide (H.O;)
were purchased from Sigma-Aldrich, Merck and Xilong
companies.

Preparation of photocatalyst

Initially, Cu-TiO; nanocrystals were prepared by the
sol-gel method: Briefly, a mixture containing 0.36 mL
of acetic acid CH3COOH and 3.6 mL of ethanol was
stirred for 15 minutes. After that, 0.1 mL of titanium (IV)
isopropoxide (Ti(OCsHy)s was added to this solution
then continuously stirred for 30 minutes to obtain TiO:
nanocrystals. xCu-TiO; crystals (x=0%, 5%, 10% and
15%) were synthesized by adding a solution of acetate
copper (CH3COO),Cu with different content of 5 mL
ethanol into the TiO2 nanocrystal solution and stirring
for 2 h.

SBA-16 was synthesized by hydrothermal method from
the TEOS and F127 as precursors: 1 g of F127 was
dissolved in 50 mL of distilled water. After 1 h of
stirring, 5.5 mL of 12 M HCl was added, stirring
continuously for 2 h at room temperature to obtain the
homogenous mixture. Then, 3.7 mL of n-butanol was
added to the mixture, Finally, 53 mL of TEOS was
added slowly to vyield a gel mixture, continuously
stirring at 40 °C for 24 h. The mixture was then placed
under a static condition at 100 °C for another 24 h in
an autoclave. The precipitated solid product was
separated by filtration and washed with distilled water
and ethanol, then dried at 100 °C and then calcined at
550 °C for 6 h to obtain the SBA-16 powder.

Preparation of Cu-TiO;-SBA-16: Cu-TiO; sol was added
to the mixture of F127, HCl and n-butanol in the above
process. After adding Cu-TiO; sol, the mixture was
maintained at 40 °C for 6 h so that the Cu-TiO:
nanocrystals attach and distributed evenly in the block
structure of SBA-16. The next steps are the same as the
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above process, finally obtaining xCu-TiO;-SBA-16
material (x=0%, 5%, 10%, 15%).

Characterization

Powder X-ray diffraction patterns were recorded on a
D8-Advance Bruker with Cu-Ko radiation (A=1.5406
nm). BET surface areas were calculated using N; at 77
K with P/P, between 0.05 and 0.3. Pore size
distributions were calculated from the N; isotherms
using the the Barret-Joyner-Halenda (BJH) model.
Energy-dispersive X-ray spectroscopy analysis (EDX)
was measured on a JED-2300 with gold coating. The
images of TEM were taken by a Jeol JEM-1010 with an
accelerating voltage of 200 kV. XPS spectra were taken
on an ESCALab 250  spectrometer  using
monochromated Al Kot radiation (1486.6 eV).

Photocatalytic activity test

The photocatalytic activity was evaluated by measuring
the conversion of a DBT solution (containing 600 ppm
sulfur) in n-octane with the presence of the prepared
catalyst under UV irradiation. In this experiment, 0.15 g
of photocatalyst and 20 mL of DBT solution were
added into a 150 mL three-necked round bottom flask
with water condenser, then the mixture was stirred for 1
hour in the dark to achieve adsorption and adsorption
balance. Then, the amount of hydrogen peroxide was
dropped into the flask and the mixture was then
exposed to UV light (35 W) while stirring at
temperatures of 70 °C. Reaction solution samples were
collected every 1 h for 5 h. The catalyst is separated
from the sample solution by a filter. The remaining DBT
content was determined by HPLC analysis method
Shimadzu HPLC Series 20A Waters X-Bridge C18
column (25 cm x 4 mm x 5 pm).

3. Results and discussion

X-ray diffraction characterization

In Fig. 1A, all XRD patterns performed at low angle
showed three diffraction peaks (26 ~ 0.72° 0.96°, and
1.32°) related to (110), (200) and (211) reflections were
shown, respectively. These peaks can be assigned to an
ordered, three-dimensional, mesoporous, cubic Im3m
structure of SBA-16 [17], which indicate that the
preparation method performed in this study did not
destroy the structure of SBA-16.

The wide-angle XRD patterns showed that typical
broad diffraction peaks are around 26~24° which is
characteristic of the amorphous silica structure. There
are no clear characteristic peaks of crystalline metal

oxides in XRD patterns of samples, which indicates that
crystalline metal oxides were not formed on the
surface of materials perhaps due to the incorporation
of metal oxide nanocrystals into the silica framework.

Fig. 1B shows the UV-vis diffuse reflectance spectra of
all samples. It can be seen that all Ti-containing
samples have absorption bands in the UV-vis region.
The samples showed an intense band centered at
about 220 nm which is assigned to the mono-
atomically dispersed Ti** ions in tetra-coordinated
geometry [18]. This result suggests that Ti** ions are
successfully incorporated into the framework of SBA-16.

(100)

@

Intensity (a.u)

0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0
2-theta (Degree)

(®)

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1: (A) Low- angle XRD patterns of the synthesized
materials; (B) UV-Vis-DRS spectra of (a) TiO,-SBA-16,
(b) 5%Cu-TiO2-SBA-16, (c) 10%Cu-TiO2-SBA-16, (d)
15%Cu-TiO2-SBA-16.

UV-Vis-DRS spectrum of synthesized samples

Gap band energy (Egap) was calculated from UV-Vis
spectra. Egap value of Ti-containing SBA-16 is lower in
presence of Cu (3.20 eV versus 295, 3.10, 3.12 eV
corresponding to different Cu content) which indicates
that modifying TiO; with Cu is effective in decreasing
the Egqp Of Ti-containing SBA-16 material. In addition,
when the Cu content was increased in TiOz-containing
SBA-16, the Egqp values decreased. Egap values of 5, 10
and 15%Cu-TiO>-SBA-16 are 2.95, 3.10 and 3.12 eV,
respectively. This is due to the crystallization of CuO
preventing the light absorption ability of material. The
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sample of 5% Cu content has the lowest Egap value, thus,
it was chosen for the following characteristic analyses.

Energy-dispersive X-ray spectroscopy analyses

Energy-dispersive X-ray spectroscopy analysis (EDX)
was performed to determine if the Cu-TiOz
nanocrystals were incorporated into the SBA-16
mesoporous wall. The results revealed that the TiO»-
SBA-16 and 5%Cu-TiO»-SBA-16 samples had a  Si/Ti
molar ratio around 30-35, over half the initial value
(Si/Ti molar ratio=75). This fact suggests that TiO;
nanocrystals and Cu-TiO, nanocrystals incorporated in
the silica framework may replace the position of silanol
groups during the synthesis procedure.

X-ray photoelectron spectra (XPS)

X-ray photoelectron spectra (XPS) is used to investigate
the state of active species present on the materials. Fig.

2 (a-c) shows the XPS spectra obtained for TiO,-SBA-16
and 5% Cu doped TiO,-SBA-16, respectively.

The Ti 2p XPS results show two group peaks including
Ti 2p32 and 2pip2. The position of Ti 2psp at 458.3 eV
indicates the presence of Ti** oxidation state in
octahedral coordination [19]. These results for Ti 2ps/2
indicate that Ti ions were in fact incorporated into the
silica framework. The peaks at 932.4 eV and 952.9 eV
are assigned to the Cu 2p core-level transition. The
satellite peaks are also attributed to Cu®*. The Ols
spectrum shows two peaks at 529.9 eV and 533.9 eV.
The former peak at 529.9 eV is similar to O in CuO
while the latter peak is assigned to oxygen bound from
TiO, [20]. Thus, the XPS results show the formation of
Ti** and Cu?* ions in the SBA-16 framework.
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Fig. 2: XPS spectra of (a) Ti, (b) Cu, and (c) O of Cu-TiO,-SBA-16 photocatalyst

N: adsorption/desorption analysis

The N, adsorption isotherms for prepared samples are
shown in Fig. 3A.

Pore volume (em*/g)

a I 5 10 l 15 I 20 ‘ 25 30
Pore diameter (nm)
Fig. 3: (A) N; adsorption/desorption isotherms and
(B) Pore size distribution curves of SBA-16 (a), TiO-
SBA-16 (b), 5%Cu-TiO,-SBA-16 (c).

For all samples, there are distinct capillary
condensation steps at relative pressures (p/p) between
0.4 and 0.75, which indicates the presence of uniform
mesopores. Moreover, all of the nitrogen adsorption—
desorption isotherms belong to type IV with a Ha-type
hysteresis loop, characteristic of materials with cage-
like uniform mesopores interconnected by relatively
narrow apertures, similar to SBA-16 materials. The
surface areas and capillary volumes of the samples
calculated by BET and BJH methods are shown in Table
1. It can be seen that the TiO-SBA-16 and 5%Cu-TiO,-
SBA-16 samples have higher surface area and pore
volume than pure SBA-16. This may be due to the
existence of TiOz and Cu-TiOz nanocrystals in the silica
framework. Because the metal-oxygen bond is longer
than the Si-O bond, incorporating metal complex
molecules into the porous structure expands the
framework parameters and cubic unit cell size. When
Cu-TiO> was added, the cubic structure with an
estimated capillary diameter in the range of 5.3-5.4 nm
was maintained.
https://doi.org/10.62239/jca.2024.055
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Table 1: Textural and structural characteristics of samples

Samples SBET Smicro vpore Dp dﬂO ao
(m’g’) (m’g’) (cm’g’) (nm) (nm) (nm)
SBA-16 809.8 3355 0.158 5.31 12.15 14.03
TiO2-SBA-16 1033.7 518.3 0.239 534 1.74 13.55
5%Cu-TiO,-SBA-16 904.5 363.6 0.161 5.33 11.26 13.00

Transmission electron microscopy (TEM)

TEM images of pure SBA-16, TiO,-SBA-16 and Cu-
TiO,-SBA-16 are shown in Fig. 4 (a-c), respectively.

B o | ' il

Fig. 4: TEM images of (a) pure SBA-16, (b) TiO,-SBA-16
and (c) 5%Cu-TiO,-SBA-16.

As seen in Fig 6 (a-c), material is highly ordered with
the cubic mesostructure. The cubic Im3m can be seen
in all pure SBA-16 and Cu-TiO,-SBA-16 samples, which
indicates that the mesoporous structure of SBA-16 was
not destroyed after incorporation of the metals
complex . Fig 6-b and c have a presence of black spots
which may be due to the metal nanocrystals
incorporated inside the mesoporous. These results
reinforce the ordered cubic mesoporous of material
obtained from the above XRD results. The uniform
pore size is in good agreement with the value
measured from N, adsorption—desorption experiments.
These pores allow rapid diffusion of various liquid
reactants and products during photocatalytic reaction.

Catalytic activity

The Cu-TiO,-SBA-16 catalyst was tested in the
oxidative desulfurization (ODS) process using 30%
H,O, solution as the oxidant at different reaction
temperatures and the optimal temperature to perform
the reaction for the highest conversion of DBT was

70°C, the sulfur removal reaction efficiency achieved
the best value (Fig. 5).

DBT conversion at 70 °C

mTiO2-SBA-16

B 5%Cu-TiO2-SBA-16
= 10%Cu-TiO2-SBA-16
B 15%Cu-TiO2-SBA-16

1 2 3 4 5
Time (hour)

Fig. 5: The conversion of DBT with different
photocatalysts.

At high temperature, the generation rate of hydroxyl
radicals was at an optimum and the interfacial
electron-transfer kinetics were improved. Therefore,
the photocatalytic activity of catalysts was increased
slightly, which provides higher sulfur removal efficiency.
These results suggested that the DBT photocatalytic
degradation reaction followed pseudo first-order
kinetics, meaning increasing of temperature leads to
increasing reaction efficiency.

The results show that TiO,-SBA-16 has low
photocatalytic activity with very small DBT conversion.
However, the photocatalytic activity of Cu-TiO»-SBA-16
samples increased in the following order: 15%Cu-TiO,-
SBA-16<10%Cu-TiO,-SBA-16<5%Cu-TiO,-SBA-16. TiO»
is a photocatalyst that absorbs ultraviolet light with
wavelengths shorter than 390 nm. The electrons in the
TiO, valence band are excited and move to the
conduction band under UV irradiation. Then, ‘OH
radicals and photogenerated holes form and
decompose organic compounds. However, the high
recombination rate of photogenerated carriers leads to
low photoactivity of pure TiO,. When CuO species are
introduced into TiO; samples, CuO particles can act as
electron traps, promoting electron hole separation and
then transferring the trapped electron to the adsorbed
Oz, which acts as an electron acceptor on TiO; surface.
The holes remain in the TiO, valence band after the
excited electrons move. Therefore, the recombination
https://doi.org/10.62239/jca.2024.055
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of electron-hole pairs is limited and the photocatalytic
reaction can be significantly enhanced. Besides, the
formation of sulfoxide products from DBT conversion is
as follows: in the Cu-TiO2-SBA-15 photocatalyst, the
reaction occurs between titanium and the electron pair
of oxygen of hydrogen peroxide to form titanium-peroxo
complex. These complexes then undergo nucleophilic
addition reaction by sulfur atom of DBT to produce
sulfoxide products [33]. The presence of copper ions
(Cu,0) replacing titanium sites leads to a lower band gap
energy compared to TiO, pure, resulting in electrons
easily migrate from the valence band to the conduction
band in Cu-TiO,-SBA-16 photocatalyst, which increases
conversion efficiency of DBT.

4. Conclusion

In summary, TiO, and Cu-TiO; nanocrystals were
incorporated into the mesoporous silica framework of
SBA-16. The results obtained by X-ray diffraction and
nitrogen adsorption-desorption isotherms confirmed
that the photocatalytic samples retained their structure
and support properties after synthesis, while the results
XPS demonstrated the presence of metal complexes in
the pores of SBA-16. The incorporation of metal
complexes causes an increase in specific surface area,
pore volume and pore diameter. Furthermore, Cu-TiO;
samples showed enhanced UV harvesting compared to
TiOz. Liquid-phase oxidation reactions of DBT with
hydrogen peroxide as oxidant were carried out with
these catalysts. The results show that 5%Cu-TiO,-SBA-
16 has the highest photocatalytic activity and may have
potential applications in related fields.
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