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Abstract: The environmental and health impacts of sulfur compounds in fuel oil have
prompted considerable research interest in oxidative desulfurization (ODS) technology.
Tetrahedrally coordinated titanium has been demonstrated to exhibit excellent activity in
the context of oxidative desulfurization processes. However, further improving the cata-
lytic property of the tetrahedrally coordinated titanium remains a challenging endeavor.
In the context of ODS processes conducted at near room temperatures, the improvement
of conversion remains a subject of considerable challenge. In this study, hierarchically po-
rous titanosilicate hollow spheres were synthesized by using TS-1 zeolite precursors as Ti
and Si sources to obtain the catalyst with only tetrahedrally coordinated titanium. The
synthesized materials were characterized through transmission electron microscopy
(TEM), Fourier-transform infrared spectroscopy (FT-IR), ultraviolet-visible diffuse reflec-
tance spectroscopy (UV-Vis), and nitrogen adsorption analysis. These techniques con-
firmed the formation of hollow spherical hierarchically porous structures with Ti species
uniformly incorporated in tetrahedral coordination and the presence of five-member rings
of TS-1 zeolite. As a result, the hierarchically porous titanosilicate hollow spheres demon-
strated excellent catalytic performance in ODS, achieving complete dibenzothiophene
(DBT) removal within 15 min and a high turnover frequency (TOF) of up to 123 h-! at 30
°C.
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1. Introduction

Fuel oil is widely utilized as energy source; however, its high quantity of sulfur re-
mains a problem that needs to be solved [1]. During the combustion of gasoline and diesel,
sulfur compounds such as dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene (4,6-
DMDBT), and 4-methylbenzothiophene (4-MDBT) produce sulfur oxides, which are
harmful to human health and contribute to environmental pollution [2]. In response,
stricter sulfur content regulations have been introduced worldwide, attracting research
interest for development of effective petroleum desulfurization technologies [3-6]. De-
spite the recent advancements in the field, the efficient removal of sulfur compounds from
fuel oils using minute quantities of catalysts at ambient temperatures is still rare.

Hydrodesulfurization (HDS) is the most prevalent industrial technology utilized for
sulfur removal due to its high efficiency [7]. However, producing ultra-low sulfur fuels

Inorganics 2025, 13, 37

https://doi.org/10.3390/inorganics13020037



Inorganics 2025, 13, 37

2 of 19

with HDS requires high temperatures, high pressures, and significant hydrogen con-
sumption, which increases operational costs and complicates process control [8]. To over-
come these limitations, alternative non-hydrodesulfurization methods, such as biological
desulfurization [9], adsorption desulfurization [10,11], extraction desulfurization [12], and
oxidative desulfurization (ODS) [13] have been explored. Among them, ODS eliminates
the need for hydrogen, enhancing operational safety and reducing costs. The two types of
ODS are non-catalytic and catalytic; while non-catalytic ODS is compatible with oils that
contain high levels of sulfur, it necessitates elevated reaction temperatures and extended
reaction times [14]. In contrast, catalytic ODS has emerged as particularly promising, as it
efficiently removes sulfur compounds under mild conditions, including ambient pressure
and reaction temperatures below 100 °C [15]. More importantly, aromatic sulfur-contain-
ing organic compounds (ASOCs) including DBT, 4,6-DMDBT, and 4-MDBT are not easily
eliminated through the HDS process because of steric hindrance; in contrast, ASOCs can
be efficiently removed through the ODS process under mild conditions [16].

The ODS process means that sulfur compounds are catalytically oxidized into more
polar sulfone derivatives, which can then be separated from hydrocarbons through ad-
sorption or extraction [17]. The most common oxidants are hydrogen peroxide (H202) and
tert-butyl hydroperoxide (TBHP). H2O2 is often favored for its environmental friendliness
and cost-effectiveness; however, the reaction occurs in a biphasic water/oil system. In this
setup, sulfur compounds remain in the oil phase, while the catalyst and H20: are in the
aqueous phase, causing mass transfer limitations that hinder the oxidation rate [18]. In
comparison, TBHP, being oil-soluble, enables the reaction to proceed in a single-phase
system, eliminating interfacial mass transfer limitations and enhancing reaction perfor-
mance [19-21].

Various catalysts have shown significant potential in oxidative desulfurization
(ODS), including transition metal oxides [22,23], TS-1 zeolite [24,25], and mesoporous sil-
ica [26,27]. Careo et al. [23] investigated ODS reactions in synthetic diesel using vanadium
oxide catalysts supported on titanium, analyzing the impact of operating conditions on
sulfur removal efficiency. Similarly, Du et al. [24] synthesized hierarchical porous TS-1
(HTS) using a soft-template method. The hierarchical pore structure of HTS enabled su-
perior dibenzothiophene (DBT) removal compared to conventional TS-1, which relies
solely on microporous structures and demonstrated lower efficiency under identical con-
ditions. Furthermore, the use of mesoporous materials has been shown to enhance ODS
performance due to their large pore channels, which improve the accessibility of sulfur
compounds. For instance, Cho et al. [28] synthesized Ti-SBA-15 through a grafting
method, achieving good catalytic activity [29,30]. In summary, some ODS catalysts have
been reported; however, their activities remain unsatisfactory and introduce single tetra-
hedrally coordinated Ti to the catalysts, which is still a challenge.

Previous studies [31,32] have demonstrated that aging a solution containing appro-
priate amounts of silicon sources and template agents, such as TPAOH or TEAOH, at
controlled temperatures produces a transparent solution rich in zeolite primary and sec-
ondary structural units, along with nanoclusters formed through their aggregation. Add-
ing Ti species to the above precursors makes it more likely that material precursors con-
taining tetrahedrally coordinated Ti will be obtained. In addition, due to their substantial
surface area and comparatively short channels, which are conducive to molecular diffu-
sion, hierarchically porous nanoparticles are frequently used as catalytic support and a
variety of templates have been shown to facilitate the synthesis of hierarchically porous
structures such as PEO-b-PMMA and CTAB [33], P123 and SDS [34], and CTAB-PAA
[26,35].
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Herein, hierarchically porous titanosilicate hollow spheres (Ti-HHS) containing TS-1
zeolite precursors were synthesized using a polyelectrolyte—surfactant mesoporous com-
plex template as a structure-directing agent. Ti-HHS exhibited hollow spherical mesopo-
rous structures with Ti species uniformly incorporated in tetrahedral coordination and
the presence of five-member rings of TS-1 zeolite, and gave rise to excellent catalytic per-
formance in ODS, achieving complete dibenzothiophene (DBT) removal with a high turn-
over frequency (TOF) of up to 123 h-* at 30 °C.

2. Results and Discussion
2.1. Characterization of Ti-HHS

The synthesis of the Ti-HHS mechanism is outlined in Figure 1. The small-angle XRD
patterns of the calcined Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3 samples are presented in Fig-
ure 2a. These patterns display a single broad diffraction peak around 2.0°, consistent with
the worm-like pore structures observed in the TEM images. Figure 2b shows the wide-
angle XRD patterns of the same samples. A broad diffraction peak centered at 23° is ob-
served, corresponding to the characteristic peak of amorphous silica. No diffraction peaks
associated with zeolite crystal structures or titanium species are detected.
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Figure 1. Schematic representation of the synthesis mechanism of hierarchically porous titanosilica

hollow spheres.
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Figure 2. Small-angle XRD patterns (a) and wide-angle XRD patterns (b) of hierarchically porous
titanosilicate hollow spheres with various Ti contents: Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3.
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The SEM and TEM images of Ti-HHS-3 are shown in Figures 3 and 4, respectively.
The SEM images (Figure 3) reveal that Ti-HHS-3 has a uniform spherical morphology with
particle sizes ranging around several hundreds of nanometers and exhibits good particle
dispersion. Figure 3b shows a rough particle surface with visible macropores. The TEM
images in Figure 4a confirm that the hollow spherical shell structure is consistent across
the sample, supporting the observations from the SEM images. Figure 4b indicates that
the shell thickness ranges from 20 to 40 nanometers. Figure 4d, an enlarged view of Figure
4c, highlights the uniformly distributed wormhole structure within the particles, further
emphasizing the hierarchical porous characteristics of the sample [36,37].

Figure 3. SEM images of Ti-HHS-3. (a) x2000, and (b) x50,000, the red square indicates the original
location of the enlarged image, which is situated in the upper right corner.

The EDS mapping for Ti-HHS-3, presented in Figure 5, characterizes the Ti distribu-
tion within the sample. The mapping confirms a uniform distribution of Ti throughout
the hollow sphere structure, with no evidence of local aggregation or clustering. These
results validate the successful incorporation of Ti into all three samples. The titanium con-
tent in the sample was determined by ICP-AES; the Ti content of Ti-HHS-1, Ti-HHS-2, and
Ti-HHS-3 are 0.55 wt%,1.46 wt%, and 2.60 wt%, respectively.
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Figure 4. TEM images of Ti-HHS-3. (a)1 um, (b)200nm, (c)100nm, and(d)enlarged view of the red

square in figure (c).
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Figure 5. EDS-mapping images of Ti-HHS-3.

Figure 6a,b present the nitrogen adsorption-desorption isotherms and the corre-
sponding pore size distribution curves for the hierarchically porous titanosilicate hollow
sphere samples. All three samples exhibit typical Type IV isotherms with an H3-type hys-
teresis loop, characterized by two adsorption steps in the relative pressure (P/P,) range of
0.25-0.35 and 0.85-0.95 in Figure 6a. The first step corresponds to a peak at approximately
3 nm in Figure 6b, indicating the presence of wormhole-like mesopores within the samples
[36,37]. The second step corresponds to the larger pores within the shell template by
phase-separated PAA [35]. Furthermore, the nearly overlapping adsorption-desorption
curves suggest highly accessible mesopores, consistent with the thin-shell structure of the
hollow spheres. According to Table 1, the three samples show relatively large specific sur-
face areas and pore volumes. While the surface area and pore volume of Ti-HHS-3 are
lower than Ti-HHS-1 and Ti-HHS-2, which probably owes to different additions of Ti spe-
cies [38].
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Figure 6. Nitrogen adsorption—desorption isotherms (a) and pore size distribution curves (b) for
Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3.

Table 1. The detailed structural parameters of the samples.

Samples = Mesopore Size (nm)  Sger (m?/g) Vmic (cm?3/g) Vues (cm?/g)

Ti-HHS-1 2.8 710 0.005 1.022
Ti-HHS-2 2.8 647 0.006 0.915
Ti-HHS-3 2.8 600 0.009 0.941

As shown in the FT-IR spectra in Figure 7, all three samples exhibit characteristic

absorption peaks at 810 cm™ and 1053 cm™. These absorption peaks correspond to the

symmetric and asymmetric Si-O-5i stretching vibrations, respectively, which are typical

features of amorphous silica in infrared spectra [39]. Additionally, a minor absorption
peak appears at 560 cm™ in the Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3 samples. This peak is
associated with the stretching vibrations of double five-membered rings in MFI structures

[40], suggesting the presence of primary and secondary zeolite structural units and indi-

cating short-range order within the samples. Each sample also shows a distinct absorption

peak at 960 cm™, attributed to Si-O-Ti vibrations [39,41], confirming the incorporation of

Ti into the structure. Furthermore, the intensity of the 960 cm™! peak decreases with lower

Ti content, particularly in the Ti-HHS-1 sample, where the peak at 960 cm™ is less promi-

nent.
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Figure 7. FT-IR spectra for the Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3.

UV-visible absorption spectroscopy was employed to investigate the coordination
state of Ti species in the hierarchically porous titanosilicate hollow spheres. As shown in
Figure 8, all three samples exhibit a narrow, strong absorption peak at 215 nm, with no
additional peaks observed at longer wavelengths. The absorption peak near 220 nm is
characteristic of the tetrahedral coordination of Ti species within the framework [42].
These results confirm that the doped Ti exists exclusively in tetrahedral coordination
within the framework, with no evidence of non-framework octahedral Ti species or sepa-
rate crystalline TiO2 phases [43,44].
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Figure 8. UV-vis spectra for the Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3.
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DBT Conversion (%)

2.2. ODS Performance of Ti-HHS

In the ODS reaction at 30 °C, both the catalyst and oxidant are crucial for effective
desulfurization. As shown in Figure 9a, the sulfur compound conversion rate remains low
in the absence of an oxidant, and no significant conversion occurs without a catalyst. How-
ever, the simultaneous introduction of the Ti-HHS-3 catalyst and the oxidant (TBHP) re-
sults in rapid DBT conversion, reaching 100% within 15 min. Previous studies [32,45] have
demonstrated that tetrahedral Ti sites exhibit higher oxidation activity compared to Ti
species in amorphous silica. Structural characterization of Ti-HHS-3 confirms the presence
of Ti species primarily in tetrahedral coordination, which significantly enhances its activ-
ity. As illustrated in Figure 9b, the Ti-HHS-3 catalyst, synthesized from TS-1 precursor,
exhibits substantially higher ODS activity than TiO2/HHS prepared via direct the impreg-
nation of TiOz with an equivalent Si/Ti molar ratio. The catalytic ODS process is shown in
Figure 10, and, as reported in the literature, sulfoxides exhibited a high polarity and
tended to be absorbed onto the silanol groups in silica via hydrogen bonding, achieving a
one-pot oxidation—adsorption process with the hierarchically porous titanosilicate [26].
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Figure 9. (a) DBT ODS activity of the titanosilicate hollow spheres under various conditions. (b)
Comparison with impregnated catalysts Ti/HHS-1 and Ti/HHS-2 (reaction conditions: 20 g of 500
ppm model gasoline, 20 mg catalyst, 30 °C, O/S = 3).
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Figure 10. The flow chart of the ODS process.
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The ODS activity of catalysts with varying Ti content (Ti-HHS-1, Ti-HHS-2, and Ti-
HHS-3) was evaluated under identical conditions. As shown in Figure 11, Ti-HHS-3 ex-
hibits the highest catalytic performance, achieving 100% DBT conversion within 15 min.
In contrast, Ti-HHS-1 and Ti-HHS-2 achieve only 71% and 94% conversion after 30 min,
respectively. These results highlight the critical role of Ti content in enhancing catalytic
activity. At the 2 min mark, Ti-HHS-3 achieves a TOF of up to 123 h, which could be due
to the tetrahedrally coordinated Ti of the TS-1 precursors in Ti-HHS-3. As illustrated in
Table 2, an analysis of the extant literature reveals a range of catalysts with different levels
of performance in the oxidation of DBT. It is evident that Ti-HHS-3 exhibits higher activity
than the majority of reported catalysts, especially the TOF, although it should be noted
that Ti-HHS-3 operates at near room temperature.

100 ~ ./.

804 ¢ ./

60 -

DBT Conversion (%)

40
()
/ —e— Ti-HHS-1
209)f # —e— Ti-HHS-2
—eo— Ti-HHS-3
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Figure 11. DBT ODS activity of Titanosilicate hierarchically porous hollow spheres with varying Ti

content (reaction conditions: 20 g of 500 ppm model gasoline, 20 mg).

Table 2. Comparison of catalytic ODS performance of DBT with different catalysts.

Ti Content S Content Temperature

Catalysts (WE%) (ppm) Oxidant C) TOF (h) Ref.
Ti-HHS-3 2.6 500 TBHP 30 123 This work
Ti-B-M-DA 5.5 1000 TBHP 60 58.8 [46]
Ti-SBA-2 55 500 TBHP 40 48.8 [47]
Meso-TS-1 0.98 174 H202 60 37 [48]
NSTS-10 27 500 TBHP 25 14.9 [26]
Ti-HMS 0.88 584 H202 70 1.8 [49]
Ti-MCM-41S 1.26 1740 TBHP 80 18.2 [19]

As shown in Figure 12, with an O/S ratio of 1, the DBT conversion rate reaches 95.51%
within 30 min, but complete conversion is not achieved. A closer examination of the con-
version rate over time reveals a plateau after 15 min, indicating that this ratio is insuffi-
cient for full DBT conversion. When the O/S ratio is increased to 3, DBT conversion reaches
100% within 15 min. With further increases in the oxidant ratio to 6 and 9, the conversion
of DBT did not change too much. These findings suggest that an optimal O/S ratio exists
for efficient DBT conversion while minimizing oxidant consumption. Accordingly, an O/S
ratio of 3 is identified as optimal, and all subsequent investigations in this study are based
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on this ratio. It was reported that octane could not be oxidized by TBHP below 80 °C [50];
thus, in our experiments, the oxidation of model oil by TBHP could be neglected.
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Figure 12. Effect of O/S molar ratio on ODS reaction (reaction conditions: 20 g of 500 ppm model
gasoline, 20 mg Ti-HHS-3 catalyst, 30 °C).

In industrial applications, the concentration of sulfur compounds in fuel oil can vary
significantly. To more accurately simulate the sulfur concentrations found in actual fuel
oils, Ti-HHS-3 was selected as the catalyst to conduct the ODS reaction on model gasolines
with different sulfur contents. The model gasolines were prepared with sulfur concentra-
tions of 500 ppm, 1000 ppm, and 2000 ppm, as shown in Figure 13. As the DBT concentra-
tion increased, the conversion rate of the sulfur compounds significantly decreased over
the same period. Notably, when the DBT concentration reached 2000 ppm, complete con-
version could not be achieved within 30 min. This may be attributed to the relatively low
Ti doping in Ti-HHS-3, resulting in insufficient catalytic active sites to meet the demands
of the reaction at high concentrations, thereby causing a significant decline in catalytic
activity.
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Figure 13. Conversion of different DBT concentrations over Ti-HHS-3 (reaction conditions: 20 g of
model gasoline, 20 mg catalyst, 30 °C, O/S = 3).
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The reaction temperature is one of the critical parameters influencing catalyst activ-
ity. As shown in Figure 14, complete DBT conversion requires 15 min at 30 °C. When the
reaction temperature is increased to 50 °C, the time for complete DBT conversion de-
creases to 10 min. Further increasing the temperature to 80 °C reduces the conversion time
to just 2 min. These results demonstrate that the ODS reaction catalyzed by Ti-HHS-3 is
highly temperature-dependent, with reaction rates significantly increasing at higher tem-
peratures. As the reaction temperature increases, the conversion efficiency of sulfur com-
pounds improves, highlighting the potential for temperature optimization in practical ap-
plications. Higher temperatures likely enhance the reactivity of the catalyst’s active sites,
reducing the activation energy and thereby accelerating the reaction.

100 4 = -
S
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c
2
S 60
c
S
'a_n 40 - .
a —— 300C
20 ——50°C
——80°C
0 T 1 1 1 1

0 5 10 15 20 25 30
Reaction Time (min)

Figure 14. Effect of reaction temperature on DBT conversion (Reaction conditions: 20 g of 500ppm
model gasoline, 20 mg catalyst, O/S = 3).

Fuel oils commonly used in daily life include petrol and diesel. Compared to gaso-
line, diesel contains longer alkane chains and boils in the range of 180-350 °C. To model
diesel fuel, this study used long-chain alkanes, specifically tetradecane. The types of sulfur
compounds can vary significantly. To further investigate the ODS performance of Ti-
HHS-3, other sulfur compounds, specifically 4-MDBT and 4,6-DMDBT, were selected to
evaluate their ODS performance with Ti-HHS-3 as the catalyst in model diesel. The exper-
imental results (Figure 15) demonstrate that Ti-HHS-3 exhibits excellent catalytic activity
in both short-chain alkanes (n-octane) and long-chain alkanes (n-tetradecane), with no
significant difference in catalytic performance between the two alkanes. However, the
presence of methyl groups in the molecular structure of 4-MDBT and 4,6-DMDBT intro-
duces steric hindrance, limiting interaction between the reactive Ti sites on the catalyst
and the sulfur compounds [51,52]. Consequently, the conversion rates for 4-MDBT and
4,6-DMDBT are lower than that of DBT at the 2 min, 5 min, and 10 min mark, highlighting
the impact of molecular structure on ODS efficiency and providing valuable insights for
the desulfurization of diesel oils.
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Figure 15. Conversion of different sulfur compounds in model diesel (reaction conditions: 20 g of
500 ppm model oil, 20 mg catalyst, O/S = 3).

In addition to the factors mentioned above, the effect of stirring speed on the ODS
reaction should also be examined (as shown in Figure 16). For consistency, the stirring
speed was maintained at 300 r/min in other experiments. The results show that the cata-
lytic activity of the ODS reaction remained largely unaffected by changes in stirring speed.
Specifically, whether the stirring speed is set at 300 r/min or adjusted to 100 r/min or 500
r/min, the ODS reaction proceeds similarly. This indicates that, under the experimental
conditions used, stirring speed only slightly impacts on the catalytic activity of the ODS

reaction.
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Figure 16. Effect of stirring speed on DBT conversion (reaction conditions: 20 g of 500 ppm model
gasoline, 20 mg catalyst, O/S = 3).

In previous research [46], the ODS reaction typically involves the decomposition of
the oxidant on the catalyst surface, producing active radicals. Electron paramagnetic res-
onance (EPR) characterization is conducted to confirm the generation of active radicals
within the Ti-HHS-3 catalytic system. By using 5,5-dimethyl-1-pyrroline-N-oxide
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(DMPO) as a radical trap at room temperature, the addition of the oxidant TBHP resulted
in a typical radical/DMPO adduct signal (Figure 17). Based on the literature [53], the av-
erage spacing of the four stable peaks with a height ratio of 1:2:2:1 is 14.9 Gs, which indi-
cates hydroxyl radicals were produced in the catalytic system. Hydroxyl radicals, as
highly reactive species, can effectively oxidize DBT, thus facilitating desulfurization. The
EPR spectrum confirms hydroxyl radical production during Ti-HHS-3 catalyzes DBT ox-
idation, supporting a radical-based oxidation mechanism for the ODS reaction.
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10,000 -
5,000 -

0

Intensity

-5,000 -

-10,000 1

-15,000 1

3460 3480 3500 3520 3540 3560
Magnetic field (G)

Figure 17. EPR spectrum of Ti-HHS-3. (The red lines indicate the EPR signals and the blue lines

demonstrate the spacing of the signal peaks.).

3. Materials and Methods
3.1. Materials

Cetyltrimethylammonium bromide (CTAB, 99%), tetraethyl orthosilicate (TEOS,
299%), tetrabutyl titanate (TEOT, 99%), ammonium hydroxide (25-28 wt%), dibenzothio-
phene (DBT, 299 wt%), 4-methyl dibenzothiophene (4-MDBT, 299 wt%), 4,6-dimethyl
dibenzothiophene (4,6-DMDBT, 299 wt%), n-octane (299 wt%), and n-tetradecane (=99
wt%) were purchased from Aladdin Biochemical Technology (Shanghai, China). Anhy-
drous ethanol (299 wt%) was obtained from Tianjin Bohua Chemical Reagent (Tianjin,
China). Tert-butyl hydroperoxide (TBHP, 5.0-6.0 mol/L in decane) was acquired from
Sigma-Aldrich (Shanghai, China). Tetrapropylammonium hydroxide (TPAOH, 25 wt%)
was purchased from Meryer Chemical Technology (Shanghai, China), and polyacrylic
acid (PAA, 25 wt%, MW = 240,000) was obtained from Thermo Fisher Scientific (Shanghai,
China).

3.2. Synthesis of Ti-HHS

To prepare the HHS precursor solution, mix 6 mL of TPAOH solution with 12 mL of
deionized water and stir for 15 min until homogeneous. Then, add 5.6 mL of TEOS and a
specified amount of TEOT (0.075 mL, 0.15 mL, and 0.3 mL) to achieve Si/Ti molar ratios
of 116, 58, and 29, respectively. Continue stirring for 2 h to allow the hydrolysis of Si and
Ti sources, resulting in a clear solution. Place the solution in a sealed container and let it
stand at 45 °C for 3 days; the resulting clear solution is the HHS precursor solution. Here,
the transparent solution containing zeolite structural units was prepared as the precursor
for hierarchically porous titanosilicate hollow spheres (HHS).
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Dissolve 0.56 g of CTAB in 20 mL of deionized water, stirring at 60 °C until CTAB is
fully dissolved. After the solution becomes clear, bring the solution to room temperature,
then add 3.0 g of PAA, and stir for 20 min until the solution is clear again. While stirring,
add 2.0 g of ammonium hydroxide, which will immediately turn the solution milky white;
continue stirring for another 20 min. Then, add 8.8 mL of precursor solution with varying
Si/Ti molar ratios and stir at room temperature for 2 h. Transfer the emulsion to a 50 mL
autoclave and let it stand at 80 °C for 2 days. Collect the product by centrifugation, wash
it twice with deionized water and anhydrous ethanol, and dry it at 60 °C for 12 h. Calcine
at 550 °C for 6 h to remove the template. Samples with varying Ti contents, obtained by
adding 0.075 mL, 0.15 mL, and 0.3 mL of the Ti source, are designated as Ti-HHS-1, Ti-
HHS-2, and Ti-HHS-3, respectively. When 0 mL of TEOT is added and the other synthesis
steps are as above, a pure silicon hollow (HHS) sphere sample is obtained. A surfactant-
polymer composite was used as the structure-directing agent, which became colloidal par-
ticles via self-assembly between anionic PAA and cationic CTAB. Under alkaline condi-
tions, a series of Ti-HHS catalysts with varying titanium contents (Ti-HHS-1, Ti-HHS-2,
and Ti-HHS-3) were successfully synthesized. The HHS precursor, with its larger volume
and greater polymerization capability compared to monomeric or oligomeric silicates, is
unable to penetrate the interior of the PAA-CTAB template. Consequently, co-assembly
of the silicon source with the template and phase separation of PAA primarily occur at
the surface of the PAA-CTAB composite, resulting in the formation of a thin shell. During
calcination, the template is removed, leaving behind a hollow spherical structure.

For preparation of TiOz2-supported samples, a certain amount of tetrabutyl titanate
was dissolved in 1 mL of deionized water, 0.1 g of pure silica hollow spheres was added
to the above solution after continuous stirring for 2 h at room temperature, and then it
was put into a vacuum oven and dried at 40 °C for 10 h. The solid samples were taken and
ground and then roasted at 400 °C for 2 h in air, which yielded TiO2/HHS-1 and TiO2/HHS-
2, with Si/Ti ratios of 58 and 29, respectively.

3.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku Smart Lab 3 kW instru-
ment (Tokyo, Japan) using Cu Ka radiation (40 kV, 40 mA). Wide-angle diffraction pat-
terns were measured in the 20 range of 5-50° with a scan speed of 8° per minute, while
small-angle diffraction patterns were measured in the 20 range of 1-5° with a scan speed
of 0.1° per minute. Scanning electron microscopy (SEM) images were taken using a J[SM-
7800F (JEOL, Tokyo, Japan). The SEM instrument operates under vacuum conditions, and
samples were gold-sputtered prior to testing. Transmission electron microscopy (TEM)
images were obtained with a JEM-2800 (JEOL, Japan). Nitrogen adsorption—-desorption
isotherms were obtained using a JW-TB220A analyzer from JWGB Sci & Tech Co., Ltd.
(Beijing, China). Samples were pretreated at 350 °C under nitrogen flow for 4 h prior to
measurement. The specific surface area was calculated using the Brunauer-Emmett-Teller
(BET) model (JWGB, Beijing, China); the microporous pore volume (Vmic) and the meso-
porous pore volume (Vmes) were obtained by DFT method. Infrared spectra were collected
on a Bruker VECTOR 22 spectrometer (Billerica, USA), with samples prepared by pressing
into KBr pellets; the position and shape of absorption peaks were analyzed to characterize
whether Si-O-Ti structures were present in the silicate materials. The diffuse reflectance
UV-visible (UV-vis) spectra of the dehydrated samples relative to BaSO, were measured
using a Shimadzu (UV-2450) spectrophotometer (Tokyo, Japan) over a wavelength range
of 500-2000 nm at room temperature. Electron paramagnetic resonance (EPR) spectra
were recorded at room temperature using a Bruker EMX-plus X-band spectrometer
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(Billerica, USA). Ti content was determined by inductively coupled plasma emission spec-
trometry (ICP) on a Thermo Scientific iCAP 7400 (Waltham, USA) atomic emission spec-
trometer.

3.4. Catalytic Tests

Dissolve 0.1 g DBT, 4,6-DMDBT, or 4-MDBT in 199.9 g of n-octane or n-tetradecane,
stirring for 10 min, then seal and store as 500 ppm model gasoline. Place 20 g of model
gasoline in a 50 mL Erlenmeyer flask and transfer it to a 30 °C water bath, stirring until
the temperature stabilizes. Add 20 mg of the calcined hierarchically porous titanosilica
hollow spheres as the catalyst and stir for another 10 min. Subsequently, add a specific
amount of tert-butyl hydroperoxide (TBHP, 5.5 M in decane) solution to the system ac-
cording to the predetermined oxygen-to-sulfur ratio. Start timing as soon as the oxidant
is added. The stirring speed is maintained as 300 r/min. Samples are collected at various
reaction times, and the catalyst is removed by filtering through a syringe with a membrane
filter before analyzing reactant concentrations using a gas chromatograph (GC-7800,
Grockway, Tengzhou, China). The signal detection during the analysis is performed using
a flame ionization detector (FID). All catalysts were dehydrated at 150 °C for 2 h prior to
use. The major ODS reaction conditions are listed in Table 3.

Table 3. The conditions for ODS reactions.

ODS Reaction Raw Material: Raw Material: . Temperature S Content  Stirring Speed
. . . O/S Ratio )
Runs Catalyst Ratio Oxidant Ratio (°O) (ppm) (r/min)
1 1363 3 30 500 300
2 4089 1 30 500 300
3 454 9 30 500 300
3.5. Analysis

The GC-7800 equipped with a flame ionization detector (FID) was used to analyze
the DBT, 4,6-DMDBT, and 4-MDBT concentration in the samples after the catalytic oxida-
tion reaction, using high purity nitrogen as the carrier gas at a flow rate of 1 mL/min.

The conversion of DBT, 4,6-DMDBT, and 4-MDBT were calculated to evaluate the
performance of the catalyst Ti-HHS. The reaction equation for oxidative desulfurization
is based on the following equation:

n =[(Co- C)/Co] x 100% 1)

where 1 is the DBT, 4,6-DMDBT, and 4-MDBT conversion rate, and Coand C correspond
to the initial and final concentration of DBT in model gasoline, respectively (Units: ppm).

The oxidant/sulfur molar ratio (O/S) of the reaction was evaluated using the follow-
ing equation:

Q= TNo/Ns (2)

where a is the O/S, and no and ns denote the molar mass of oxidant added to the ODS and
the molar mass of sulfur compound in the model gasoline, respectively.

4. Conclusions

In summary, a zeolite TS-1 precursor was successfully used as the source of Ti and
Si, with a PAA-CTAB composite serving as the template, to synthesize hierarchically po-
rous hollow spheres, Ti-HHS-x, under mildly alkaline conditions. The Ti-HHS-3 sample,
with the highest Ti content, exhibited remarkable catalytic activity in the ODS reaction at
room temperature. Using only 20 mg of catalyst, a complete conversion of DBT in 20 g of
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500 ppm model gasoline was achieved at 30 °C with a TOF as high as 123 h'. This out-
standing catalytic performance can be attributed to the tetrahedral coordination Ti of TS-
1 sub-units and the hierarchically porous hollow structure of the material itself.
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