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ABSTRACT

With the increasing need for high-value utilization of diesel components, catalytic oxidative desulfur-
ization (ODS) emerges as an efficient non-hydrogenation approach to desulfurization and utilization of
aromatic sulfides. Although TiO, is a promising candidate for ODS, the catalytic activity is limited.
Herein, with the heterojunction interface formation, a series of TiO,/three-dimensional porous carbon
nitride catalysts (Ti/3D g-C3Ny4) has been developed for ODS. Notably, the successful construction of the
type II heterojunction between TiO, and 3D g-C3Ny is confirmed through systematic characterizations.
The bandgap is narrowed in the hybrid materials, accelerating the electron transfer from the N to the Ti
center, conducive to the activation of hydrogen peroxide in the radical pathway. Also, the emergence of
micro-mesoporous pores in 3D g-C3N4 enhances the adsorption mass transfer of aromatic sulfides. The
synergistic effect between heterostructures and extended mesopores generates superoxide radicals,
attaining >99% adsorption-promoted catalytic oxidation reactivity of aromatic sulfides. The work de-
velops bifunctional heterogeneous materials of efficient adsorption-promoted catalytic oxidation,

Oxidative desulfurization

expanding the development for the high-value utilization of sulfides in diesel fuel.

© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The oil consumption in the primary energy structure of the
world still takes the biggest part, about 33.6% in 2024, counted by
the Energy Institute. With the continuous extraction of crude oil,
the refining industry is facing increasingly heavy and inferior raw
materials (Vogt and Weckhuysen, 2024). This means the energy
consumption for processing crude oil is increased by a large
margin. The processing of the crude oil involves atmospheric and
vacuum distillation, catalytic cracking of heavy oil, catalytic hy-
drogenation and other processes (Davis et al., 2018). The diesel, as
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a part of petroleum processing products with a boiling point range
from 180 to 410 °C, is composed of various types of chemical
compounds. Among these compounds, alkanes, aromatic hydro-
carbons, aromatic sulfides and aromatic nitrides are considered
the main components (He et al., 2024; Yu et al., 2018). The efficient
separation of different types of main components, in high-purity
form at the molecular level, is conducive to achieving high-value
utilization (C. Hu et al,, 2024). Further, the separated compo-
nents can be used as the raw materials for further production of
optoelectronic materials (aromatic sulfides or sulfones), high-end
carbon materials (aromatic hydrocarbons), etc (Liang et al., 2025;
Liu et al.,, 2025; Xia et al., 2025).

Catalytic oxidative desulfurization technology (ODS) is an
efficient non-hydrogenation strategy, which realizes the high-
value utilization of aromatic sulfides under low energy con-
sumption conditions (Wu et al., 2024). Usually at 25-150 °C, 1 atm,
the aromatic sulfides can be converted into the sulfone com-
pounds with higher polarity, which are prone to be separated from
the less polar alkanes and aromatic components (Scheme 1).
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Further coupling with the hydrogenation refining technology (or
hydrodesulfurization, HDS) with ODS, directional resource recov-
ery of dibenzothiophene sulfones (DBTO,s) can be implemented
(Wuetal.,, 2025). When the hydrogenation depth of catalytic diesel
reaches the sulfide content below 2 wt%, mainly dibenzothio-
phenes (DBTs) and their homologues are enriched (Wang et al.,
2024). The development of efficient and multifunctional cata-
lysts, achieving catalytic oxidation of DBTs, is the key to high-value
utilization of diesel.

Titanium dioxide (TiO,) has been widely used in ODS because
of its stability, low toxicity, wide availability and highly tunable
properties (Ma et al,, 2024; Yu et al., 2022; Zheng et al., 2025).
However, when amorphous TiO; is used as a catalyst for ODS re-
action, there are some unavoidable drawbacks, such as the limited
specific surface area, barely exposed active sites, and poor
dispersion in the oil phase (Liu et al., 2023; Tao et al., 2025; Yoon
et al, 2025). To solve these problems, employing appropriate
supports to improve the dispersibility of titanium-based materials
is a promising strategy, where the interaction between the metal
and the support is enhanced (Chen et al., 2025; Liu et al., 2025; Ye
et al.,, 2025). This approach is expected to significantly improve the
desulfurization rate. As a two-dimensional material, graphitic
carbon nitride (g-C3Ny4) has been widely used in water photolysis
for hydrogen production, electrocatalytic oxygen reduction, and
solar cells (Li et al., 2026; Ye et al., 2025; Zeng et al., 2025). The
attractiveness of this material lies in its diverse sources, ease of
preparation, and high electronic conductivity. It has been reported
that g-C3N4 can be used as a support to form heterojunctions with
metallic oxides, inorganic carbon materials, and polymers (Lazaar
et al., 2025). Porous modification of g-C3N4 is considered a
promising approach to increase the specific surface area and
improve the pore structure, thereby facilitating the movement of
small molecule substrates during reactions (Dharmarajan et al.,
2023). The porous g-C3N4 enables uniform distribution of the
active components, and the unique triazine structure on its surface
enhances the n-r and p-n adsorption with the DBT molecules, as
well as the electron transfer effect of the central metal (D. Hu et al.,
2024).

In this study, a series of bifunctional anatase TiO;/three-
dimensional porous carbon nitride catalysts are prepared for ODS
reactions (Ti/3D g-C3N4). Through systemic characterization of
high-resolution electron microscopy, EDX, Mapping, XPS and UV-
DRS, etc., a type II heterojunction is successfully constructed af-
ter loading, narrowing the bandgap of Ti/3D g-C3N4. The crystal
structure transformation of TiO, and the charge density on the
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surface of the skeleton N in 3D g-C3Ny4 have been studied in detail.
Also, the specific surface area and dispersion of the active com-
ponents are increased on the hybrid materials. In the adsorption-
promoted catalytic oxidation process of Ti/3D g-C3Ny, the resulting
mesoporous structure of the three-dimensional lamellar stacking
facilitates the enhancement of the adsorption capacity of DBT. The
corresponding mechanism is investigated, and the electron-rich Ti
center at the heterojunction interface can efficiently activate
hydrogen peroxide. DBT is rapidly converted into sulfone by highly
reactive -0z, which is demonstrated by the data of FT-IR and GC-
MS. The conditional experiment is thoroughly examined, con-
cerning the factors of reaction temperature, catalyst dosage and
oxygen-sulfur ratio, as well as the dynamic process and activation
energy. Especially, 20% Ti/3D g-C3N4 presents a high desulfuriza-
tion rate, good desulfurization performance and cyclic stability in
real diesel fuel. The work expands the application of Ti-based
composite materials in the field of high-value catalytic conver-
sion of diesel.

2. Experimental procedures

2.1. Chemicals and reagents

The detailed information is available in Supporting
Information.
2.2. Characterization method

The detailed information 1is available in Supporting
Information.

2.3. Catalyst preparation

2.3.1. Preparation of Ti/3D g-C3N4

The prepared TiO, precursor and three-dimensional porous g-
C3N4 precursor (available in Supporting Information) are ground in
the ratios of 1:9, 2:8 and 3:7. After the grinding and mixing, the
precursor is spread flat in a covered crucible and placed in a tube
furnace. Under the N, atmosphere protection, the precursor is
then heated at a rate of 3 °C/min, rising from 25 to 550 °C, for 2 h.
The catalyst materials are denoted as 10% Ti/3D g-C3Ny, 20% Ti/3D
g—C3N4 and 30% Ti/3D g—C3N4.
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Scheme 1. High-value utilization of diesel components through catalytic oxidation.
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2.3.2. Preparation of Ti/g-C3Ny
The detailed informations
Information.

are available in Supporting

2.4. Oxidative desulfurization experiment

2.4.1. Steps of oxidative desulfurization of model oils

First, 50 mg of the selected catalyst is weighed in a customized
100 mL glass reactor with a condensation system. Then, 10 mL
model oil (DBT, 4-MDBT and 4,6-DMDBT as substrates, 200 ppm S)
is added, heated to the set temperature (from 40 to 60 °C) in a
water bath. The magnetic stirring is carried out at the speed of
800 rpm, followed by the addition of a certain amount of H,0, as
an oxidant (different O/S ratio). According to different reaction
conditions, 1 pL of the supernatant is measured with a micro-
sampler at 10-min intervals, and the oil sample is injected into
the gas chromatography for the determination and analysis of
sulfur content.

2.4.2. Steps of oxidative desulfurization of real diesel
The detailed informations are available in Supporting
Information.
ODS activity is calculated according to the following equation:
o CO - Ct
Co

ODS activity (%

©

)= x 100% (1)

Cop refers to the sulfur concentration of the model oil or real oil
before reaction (200 ppm for model oil and 704 ppm for real oil), C;
refers to the real-time sulfur concentration when taking samples

at a fixed every 10 min.

2.4.3. Catalytic oxidation kinetics fitting and activation energy

The catalytic oxidation kinetics is fitted based on the data of the
sulfur concentration at different times, according to the following
equation:

Go
In - kt

The catalytic oxidation activation energy is obtained based the
fitting of reaction temperature on the Arrhenius equation as
follows:

(2)

E,

k= Ae RT

(3)

2.5. Adsorbed performance tests

0.1 g of the selected adsorbent is weighed and added to a flask
with 20 mL of model oil. Then, the flask is placed in a water bath at
a stirring rate of 250 rpm. The adsorption process reaches
adsorption saturation at 30 min. The oil samples are collected for
analysis. The maximum adsorption capacity is calculated as
follows:

_(G—c)V
m

qc (4)
q: refers to the adsorption capacity of the selected adsorbent in
mg/g. Co is the sulfur concentration before adsorption (200 ppm),
and C; is the real-time sulfur concentration at 30 min.
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3. Results and discussion
3.1. Characterization of catalysts

The images of TiO,, 3D g-C3N4 and 20% Ti/3D g-C3N4 materials
SEM are shown in Fig. 1(a)-(c). As the pure TiO, material appears
as an irregular spherical shape, with a diameter of about
0.6-1.2 pm. The two-fold difference in diameter size is due to the
close surface energy of metal oxides, which produces a bonding
effect. Assembled by the lamellar porous structure and stacking in
3D space, the 3D g-C3Ny4 possesses a larger specific surface area,
better pore structure and porosity than the traditional bulk carbon
nitride. On the surface of 10% Ti/3D g-C3Ny, the TiO2 microspheres
are distributed at a lower concentration (Fig. S1). Increasing the
loading amount of TiO, to 20%, the distribution of the TiO, mi-
crospheres is enhanced, with an average diameter of the TiO,
center of about 632 nm. Especially, the construction of hetero-
structures is intuitively observed in TEM images (Fig. 1(d) and (e)).
Along the surface of TiO, microspheres, the mixed carbon nitride
precursors undergo the in-situ heterostructure growth, resulting
in a unique three-dimensional porous morphology. The hetero-
junction interface uniformly disperses at the edge position of 3D g-
C3Ny4, mainly formed by the strong interaction between metal and
carrier during the in-situ calcination process. Increasing TiO;
loading to 30% results in partial agglomeration of metal oxide
centers, which may lead to a decrease in the proportion of heter-
ojunction interfaces. From the STEM mapping and EDX spectra of
20% Ti/3D g-C3N4, elements C, N, O and Ti can be found in
Fig. 1(f)-(k) and Table S1. Importantly, the newly emerged heter-
ostructure interface can become a high-performance ODS active
center, due to the generation of the synergy effect. On one side of
the heterostructure interface, porous materials promote adsorp-
tion, while on the other side, active Ti centers promote catalytic
oxidation.

The heterostructure interface is determined by HRTEM and
XRD in Fig. 2(a)-(c). The apparent lattices of anatase TiO, (101) and
(004) crystal planes are confirmed along one side of the hetero-
structure interface. The statistical interplanar spacing of (101) is
calculated to be about 0.352 nm (total 9 slices in 3.167 nm) in the
IFFT simulation, resulting in the formation of the 25° peak signal in
XRD. The crystal transformation of amorphous to anatase phase
occurs, when the TiO, material is loaded onto 3D g-C3N4 through
grinding and calcination, exposing the advantageous crystal sur-
face of anatase (001), (004) and (200) planes. It is worth noting
that the appearance of its heterojunction interface is accompanied
by an increase in the crystalline strength of the (101) crystal plane.
This indicates that controlling the directional growth of the crystal
plane is beneficial for in-situ growth of g-C3N4. Along the other
side of the heterostructure interface, the in-situ growth of carbon
nitride lamellar structure can be observed. Correspondingly, the
characteristic peaks near 13° and 28° are identified in the 3D g-
C3N4 sample, respectively attributed to the (100) and (002) crystal
planes of the carbon nitride, generated by in-plane stacking of
conjugated aromatic rings. The diffraction peaks of the anatase
TiO; are not readily apparent when the loading is 10%. Increasing
the loading amount to 20%, the characteristic peak intensity of the
anatase TiO, are enhanced. Together, the intensity decreases can
also be observed in crystalline surfaces (100) and (002) of 3D g-
C3Ny4, corresponding to the C-N triazine structural unit charac-
teristic peak at 810 cm™! in Fig. S2 FT-IR (Battula et al., 2024).
Based on the electron microscopy and XRD analysis, more het-
erogeneous interfaces are generated during the in-situ growth of
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Fig. 1. Morphology characterization of prepared catalysts. (a) SEM image of TiO,; (b) SEM image of 3D g-C5Ny; (c) SEM image of 20% Ti/3D g-C5N4; (d) TEM image of 20% Ti/3D g-
C3Ny; (e) magnified TEM image of 20% Ti/3D g-C3Ny; (f) STEM image of 20% Ti/3D g-C3Ny; (g)-(k) EDX elemental mapping results of overlapped results, C, N, Ti and O, respectively.

Inset in Fig. 1(a) and (c) are the TiO, particle size statistic results.

3D g-C3N4 onto the anatase TiO, surface. However, further
increasing the TiO; loading amount to 30%, the aggregation of TiO,
is inevitable. The results may cause a decrease in the proportion of
exposed heterojunction interfaces, consistent with FT-IR analysis.

The UV spectra of the series of Ti/3D g-C3N4 materials are
presented in Fig. 2(d). The UV absorption wavelength of pure TiO,
is between 250 and 360 nm. When TiO5 is loaded on the 3D g-C3Nyg
surface, the light response range of the composites is extended
from the ultraviolet region to the ultraviolet-visible region. And
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the absorption around 350 nm is due to the introduction of the
heterojunction interface, producing the electron excitation tran-
sitions from bonding orbitals to anti-bonding orbitals of hybrid
materials (Zhong et al., 2018; Zou et al., 2018). According to the
Tauc equation and in Fig. 2(e), the bandgap of the catalysts (Eg) can
be obtained by calculation and simulation (Zhang et al., 2020).
Compared to the bandgap of pure TiO; at 3.4 eV, the width of the
Ti/3D g-C3N4 bandgap is narrowed to 2.9 eV. The blue shift in-
dicates that the formation of the heterojunction interface
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Fig. 2. Heterojunction structure characterization of prepared catalysts. (a) XRD pattern; (b) HRTEM image of heterostructure interface between anatase TiO, and 3D g-C5Ny; (c)
inverse fast Fourier transform (IFFT) of selected area and the corresponding average length statistics of (101) crystal plane in 20% Ti/3D g-C3Ny4; (d)-(e) UV-DRS and bandgaps of
TiO,, 3D g-C3Ny, 10% Ti/3D g-C3Ny4, 20% Ti/3D g-C3Ny4, and 30% Ti/3D g-C3Ny; (f) schematic diagram of the band structure of TiO, and 3D g-C3N,4 forms a type II heterojunction.

effectively reduces the resistance of electronic conduction, as well
as boosting the redox capability (Shi et al., 2025; Wang et al., 2014;
Zhang et al., 2023).

As reported by Chen et al. (Chen et al.,, 2020; Wu et al., 2020;
Zada et al., 2018), for the molecular orbital of the hybrid g-C3Ny
materials, the valence band (VB) corresponds to the highest
occupied molecular orbital (HOMO), while the conduction band
(CB) corresponds to the lowest unoccupied molecular orbital
(LUMO). Then, the empirical formulas are applied to calculate the
CB and VB values of hybrid materials, as follows:
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(5)
(6)

Ecg =X - E° — 0.5E,
Eyg=Ecp + Eg

where X represents the absolute electronegativity, E€ represents
the free electrons on the hydrogen scale energy, and the E€ value is
4.5 eV.

The 3D g-C3Ny4, as an indirect bandgap semiconductor, has an X
value of 4.73 eV, the Ecg (3D g-C3N4) value is calculated to
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be —1.17 eV, and the Eyg (3D g-C3Ny4) value is calculated to be
1.63 eV. As for the TiO, metal oxides center, the X value is calcu-
lated to be 5.81 eV based on the parameters provided by Pearson
(1988). Ecg (3D g-C3Ng4) and Eyg (3D g-C3Ny4) values are sepa-
rately calculated to be —0.39 and 3.01 eV. The formation and the
increased proportion of the type II heterojunction interfaces, be-
tween anatase TiO; and 3D g-C3Ny, shortened the bandgap of the
hybrid materials (Li et al., 2019). The mobility of thermally excited
electrons from HOMO to LUMO levels is enhanced, facilitating the
activation of low activity oxidants and substrate molecules in the
ODS reaction (Chen et al., 2020).

The XPS spectra of the TiO,/3D g-C3N4 materials are shown in
Fig. 3. Four elements are detected in the survey of 20% Ti/3D g-
C3N4. In the C 1s spectrum, the sp? hybrid carbon N-C=N signal of
the aromatic ring structure is detected around 288.3 eV (Majdoub
et al., 2020). Towards the direction of high binding energy in the N
1s spectrum, the characteristic signals of C-N-H and N—(C)s3 are
respectively shifted by 0.2 and 0.4 eV, from 401.1 to 401.3 eV and
from 399.6 to 400.0 eV (Xu et al., 2019). After the formation of the
type II heterojunction interfaces of anatase TiO, and 3D g-C3Nyg,
the N center at the edge and the backbone sites of the hybrid
materials in a tendency to lose electrons. In the aromatic ring
structure, the N element on the C-N=C signal of the sp® hybrid is in
a stable state. Correspondingly, in the Ti 2p spectrum, the signals
at 464.0 and 458.3 eV are attributed to Ti 2pq,2 and Ti 2p3p; (Xiong
et al.,, 2016). After the formation of the heterojunction, a 0.2 eV
shift to the direction of low binding energy is observed, indicating
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a more electron-rich state for the Ti center of anatase TiO,. In
general, the construction of 20% Ti/3D g-C3N4 changes the charge
density distribution: the N elements at the edge and backbone
sites can transfer electrons to the metal Ti center after the for-
mation of the heterojunction interfaces, consistent with the re-
sults discussed above.

The analysis of the N, adsorption-desorption isotherm and
pore size distribution of the prepared TiO,/3D g-C3N4 materials is
shown in Fig. 4 and Fig. S3. The N adsorption and desorption (cm?/
g) of the pure TiO; are at a low level, and its isotherm type belongs
to type I isotherm with non-pore structure. The type IV adsorption
curves and H3 type hysteresis loops are found, both in the 3D g-
C3N4 and a series of Ti/3D g-C3N4 materials, indicating the pres-
ence of mesoporous and partial microporous structures. The N,
adsorption capacity of the heterogeneous catalysts with different
loading amounts showed a decreasing trend: 3D g-C3N4 > 10% Ti/
3D g-C3Ng4 > 20% Ti/3D g-C3N4 > 30% Ti/3D g-C3N4. The corre-
sponding pore structure parameters are presented in the pore size
distribution of the supported catalyst (Table S2). The BET specific
surface area of 3D g-C3N4 is 81.0 m?/g, about 4 times that of the
bulk g-C3N4 and 20% Ti/g-C3N4 (about 20 and 18 m?/g). With the
increase in TiO, loading, the specific surface area of the hetero-
structure catalysts decreases accordingly. In addition, from 3D g-
C3Ny4 to 30% Ti/3D g-C3Ny4, the average pore size and pore volume
are slightly reduced. Compared with pure TiO; and 20% Ti/g-C3Ng,
the formation of the heterostructure interface improves the
dispersion of active Ti centers. And 3D g-C3N4 can maintain good
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Fig. 3. Electronic structure and elemental states characterization of prepared catalysts. (a) XPS survey of all selected elements; (b)-(d) XPS elemental scanning of C 1s, N 1s and Ti

2p in 20% Ti/3D g-C5Nj.
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Fig. 4. Pore structure characterization of prepared catalysts. (a)-(b) Nitrogen adsorption-desorption isotherm and the corresponding pore size distribution results of TiO,, 3D g-

3Ny, 10% Ti/3D g-C3N4, 20% Ti/3D g-C3Ny, and 30% Ti/3D g-CsNa.

microporous and mesoporous pores before and after the immo-
bilization. The pore structure of 20% Ti/3D g-C3Ng4 is mainly mes-
oporous at about 4.5 nm, a small number of microporous junctions
and some of macroporous structures, which makes the average
pore size reach 5.0 nm and the pore volume reach 0.66 cm?/g,
strengthen the adsorption and mass transfer process of DBT sul-
fides (kinetic diameter <1 nm), and enhance their catalytic
oxidation activity.

3.2. Performance evaluation of Ti/3D g-C3N4 heterojunction
catalysts

To investigate the adsorption-promoted catalytic oxidative
desulfurization of TiO,/3D g-C3N4 materials, the static adsorption
experiments towards DBT are conducted. As shown in Table 1, pure
TiO; and g-C3N4 have almost no adsorption capacity, because of
the restricted adsorption sites and adapted pore structure. After
simple mixing using 20% Ti/g-C3Ng4, its maximum adsorption ca-
pacity slightly increased, possibly due to the presence of stacked
pores and z-r interactions (Zhou et al., 2018). The adsorption ca-
pacity of 3D g-C3N4 reaches 9.1 mg S/g, which is due to the good
transport and adsorption of DBT molecules (kinetic diameter
<1 nm). The matching of molecular transport sizes promotes the
reaction transfer of sulfides, in the mode of hierarchical pore for
DBT molecular transfer in the three-dimensional stacking struc-
ture. When the TiO5 is loaded onto the 3D g-C3N4 in increments,
the heterostructure interface is formed. The adsorption capacity is
in a tendency of first increasing and then decreasing. When
introducing low-loading Ti centers onto a three-dimensional
porous structure, an increased Ti loading can enhance its p-n

Table 1
Maximum adsorption capacity of TiO,/3D g-C3N4 materials on DBT.

Entry Sample Adsorption capacity,
mg S/g

1 TiO, 0.4

2 g-C3N4 3.7

3 3D g-C5Ny 9.1

4 10% Ti/g-C3Ny 5.4

5 10% Ti/3D g-C3N4 125

6 20% Ti/3D g-C3N4 144

7 30% Ti/3D g-C3N4 13.8

adsorption of metal-sulfur interaction (Jin et al., 2016). And the n-n
interaction also helps to promote the surface adsorption process,
oriented by the effect between the triazine rings and the aromatic
sulfides in the pore structure. Further excessively increasing the
proportion of Ti leads to the aggregation of TiO,, resulting in a
decrease in the effective interface proportion, thus reducing the
adsorption force and macroscopic adsorption capacity. In
Figs. S4-S5, and Tables S3-S4, the 20% Ti/3D g-C3N4 material ex-
hibits the maximum adsorption capacity of 14.4 mg S/g, promoting
the quick enrichment of DBT on the surface of the catalyst by
adsorption in the reaction. And the enhanced adsorption process
conforms to the Langmuir model, and its kinetic process conforms
to pseudo-second-order kinetics.

The activity of catalytic oxidative desulfurization is conducted,
and the results are shown in Fig. 5(a). Using pure TiO, material, 3D
g-C3Nyg and 20% Ti/g-CsN4 as the catalysts, the ODS rates are
individually 22.7%, 16.3% and 49.7% within 80 min. When the
heterojunction interface is formed between anatase TiO, and the
3D g-C3Ny, the desulfurization rate is greatly increased. Especially,
the maximum ODS rate of 99.7% can be obtained, where 20% Ti/3D
g-C3Ny is used as the catalyst in the system. Overall, the adsorption
of DBT in the first 10 min intensifies the ODS reaction process,
accumulating DBT molecules in the n-x and p-= interactions. The
resulting local high concentration of substrate promotes the ac-
celeration of the ODS reaction rate. The ODS reaction rate de-
creases slightly with extended reaction time, which is caused by
the lower concentration of the substrate and the self-
decomposition of H,0,. Combined with the SEM and XRD, at 10%
loading, the active TiO; center can be uniformly dispersed, but not
saturated yet; Further increasing the loading amount to 30%, the
effective proportion of heterojunction interfaces is reduced
because of the crystal aggregation and swelling. Hence, the reac-
tivity will be slightly reduced. Overall, the ODS performance is
ranked as follows: 20% Ti/3D g-C3N4 > 30% Ti/3D g-C3N4 > 10% Ti/
3D g-C3Ng4. The three-dimensional porous g-C3N4 can promote the
directional adsorption of DBT, and the N element at the edge and
skeleton of the material can transport electrons to the Ti center.
And the reasonable proportion of heterogeneous structure in-
terfaces enhances the synergistic effect of the ODS process. Herein,
20% Ti/3D g-C3N4 is chosen as the catalyst for the subsequent
experiments.

To simulate the composition of the real catalytic hydrogenated
diesel, different interfering components and reaction substrates
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Fig. 5. Conditional experiment and the kinetic process of prepared catalysts. (a) Catalytic oxidative desulfurization activity with different catalyst systems; investigation of the
impact of (b) different interferences; (c) different sulfur-containing substrates; (d) reaction temperatures on catalytic oxidative desulfurization activity; (e) fitting of the kinetic
processes at different reaction temperatures and (f) fitting of the corresponding activation energy based on the Arrhenius equation.

are investigated in Fig. 5(b) and (c) and Fig. S6. DBT model oils
containing 5 wt% paraxylene, naphthalene, anthracene, and
cyclohexene are prepared to simulate the effects of interfering
with aromatics, dicycloaromatic hydrocarbons, polycyclic aro-
matic hydrocarbons, and olefins. The cyclohexene exerts the most
significant influence on the desulfurization rate, which may be
attributed to the competitive oxidation between the C=C double
bond and the DBT. The competitive oxidation reactions may lead to
the oxidation of a small amount of cyclohexanones to cyclo-
hexanothanol and cyclohexanonone (Wei et al., 2025). The ODS
rate with cyclohexene attains only 72.9%. The impact of aromatic
hydrocarbon disturbers, specifically naphthalene and anthracene,
on ODS activity is found to be minimal at 90.5% and 84.1%,
respectively. This is attributed to the increase in viscosity of the
reaction system, which in turn affects the mass transfer and
diffusion. The minimal impact of the paraxylene is found, with an
activity of 97.8%. The results suggest that 20% Ti/3D g-C3N4 pos-
sesses effective anti-interference properties in ODS. Towards
different aromatic sulfur substrates, the activity of the reaction is
related to the steric hindrance. And the order of desulfurization
rates is as follows: DBT (99.7%) > 4-MDBT (92.9%) > 4, 6-DMBT
(78.6%).

The reaction temperature has a great influence on the ODS
reaction, and the change in temperature will change the rate of
reactive oxygen species formation. A reasonable increase in the
reaction temperature is conducive to reaching the energy
threshold of the ODS. As shown in Fig. 5(d), the activity of ODS
increases rapidly in the first 10 min of the reaction, which is the
contribution of the fast adsorption of DBT into the three-
dimensional porous structure. The closer to the room tempera-
ture, the higher the adsorption capacity of 20% Ti/3D g-C3Na.
Elevating the reaction temperature, the effective collision of
molecules also increases, accelerating the generation rate of
reactive oxygen species, which overpasses the reaction energy
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barrier. In general, the order of desulfurization temperature is as
follows: 60 °C > 50 °C > 40 °C. And 60 °C is selected as the opti-
mum reaction temperature. In addition, the kinetic process of the
ODS reaction and the corresponding activation energy were suc-
cessfully fitted in Fig. 5(e) and (f). Based on the fitting results of the
matched pseudo-first-order kinetics and Arrhenius equation, the
activation energy of the ODS reaction is approximately 40.8 kJ/mol.
Above all, the prepared 20% Ti/3D g-C3N4 exhibited the optimal
desulfurization rate, achieving 99.7% desulfurization within
80 min at a temperature of 60 °C, an O/S ratio of 4, and a catalyst
dosage of 0.05 g (Fig. S7).

3.3. Proposed ODS mechanism

The mechanism of the reaction is elucidated through the free
radical elimination assays, electron spin resonance (ESR), and gas
chromatography-mass spectrometry (GC-MS). As demonstrated in
Fig. 6(a) and (b), the ODS rate undergoes a substantial reduction
when p-benzoquinone (BQ) is utilized as a radical eliminator. The
reason can be explained as the -O; radicals are preferentially
captured by BQ, DBT substrates is lack of effective contact and
activation with -O;, resulting in a decrease in the activity. In
contrast, when dimethyl sulfoxide (DMSO) is employed as a
trapper to capture hydroxyl radicals -OH, no significant decrease in
activity is observed, suggesting that -OH is not the primary active
species. Apart from that, the strong typical signal of PBN--O3, the
six-fold signal peak with the increasing reaction time, is detected
through the ESR. An integral peak of GC around 6 min can be
detected in the oil phase before the reaction (Fig. 6(c) and (d)).
Based on the molecular ion peak information, mainly at 184 m/e in
the mass spectrum, it can be determined that the substance is DBT.
After the ODS process, the integral peak of DBT in the oil phase and
the catalyst phase disappears. Instead, the only characteristic
signal of DBTO; has been detected, around 10.3 min in the GC
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Fig. 6. Proposed reaction mechanism. (a) Free radical elimination experiments with dimethyl sulfoxide (DMSO) as a hydroxyl radical scavenger; benzoquinone (BQ) as a su-
peroxide radical scavenger; (b) free radicals capture experiments using N-tert-Butyl-a-phenylnitrone (PBN) as the signal agent at different reaction times; GC-MS results of (c) the
oil phase before reaction; (d) the oil phase and catalyst phase after reaction; (e) mechanism research of heterostructure TiO»/3D g-C3N,4 in ODS system.
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spectrogram, at 216 m/e in the mass spectrum. It can be inferred
that DBT is oxidized by -O; to the only product DBTO,. Based on
the above characterization and conditional experiments, the
possible reaction mechanism is proposed in Fig. 6(e).

When the heterojunction is formed in the Ti/3D g-C3N4 cata-
lyst, the synergistic effect of adsorption-promoted catalytic
oxidation occurs. At the onset of the reaction, the three-
dimensional porous structure facilitates a directional adsorption
towards the aromatic sulfide DBT. The effect arises from the mass
transfer enhancement, of which the hierarchical pore for size
matching effect, the metal-sulfur interaction for p-r effect, and the
interaction of the triazine rings with the aromatic sulfides for n-n
effect. The narrowed gap between the LUMO and HOMO levels
contributes to the electron transfer, from the edge N and skeleton
N sites of the carbon nitride towards the adjacent Ti center. The
electron-rich Ti center can generate hydrogen bonds with H,0,
molecules in the form of Ti-O---H, where nucleophilic attack occurs
(Chen et al.,, 2018). And the O-H bonds of hydrogen peroxide
molecules can be broken, consequently forming the reactive -O; .
Under the electric attack of -O3 towards electronic pairs on the S
atom, DBT molecules can be converted into the intermediate
products sulfoxide DBTO. Subsequently, the unstable DBTO is
oxidized again by -O3, and the outcome is the formation of sulfone
DBTO,. The dipole moment of the substrate changes after the ODS,
as the pvalue of DBT is 0.78 D, and the p value of DBTO, is 5.77 D (Li
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et al., 2016; Xu et al., 2015). Hence, the concentration of its sub-
strate in the oil phase decreases, and the adsorption of sulfones on
the catalyst surface increases, due to the presence of complexation
and polarity difference.

3.4. Investigation of the hydrogenated diesel and the recycling
performance

In the ODS desulfurization experiment of the hydrogenated
diesel in Fig. 7(a). The initial sulfur content is measured at
704 ppm. After the first round of the ODS reaction, the residual
sulfur content is determined to be 242 ppm, corresponding to
65.6% ODS rate. Immediately after the initial round of reaction, a
separation of the oil phase and acetonitrile phase is conducted for
a subsequent round of reaction. Following the second round of
ODS reaction, the treated oil becomes more transparent. After the
third round, the ODS rate reaches 98.7% with the remaining sulfur
content of 9 ppm (less than 10 ppm, meeting the deep desulfur-
ization standard), attaining the standard of deep desulfurization.
And the cycling performances are also conducted in the model oil
using 20% Ti/3D g-C3Ny4. Following seven cycles, the desulfuriza-
tion rate is 95.7%, and the residual sulfur content is only 8.6 ppm
(Fig. 7(b)). After alcohol washing the catalyst, its catalytic activity
is enhanced. The analysis of XRD and FT-IR is shown in Fig. 7(c) and
(d). The crystal structure of the catalyst surface remains
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Fig. 7. Assessment of real oil and catalytic stability. (a) Multi-round catalytic oxidation performance of real diesel fuel, 704 ppm S; (b) the ODS cycle stability test using het-
erostructure TiO,/3D g-C3Ny4 catalyst; (c) FT-IR and (d) XRD characterization of the catalyst after the ODS reaction.
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unchanged before and after the reaction, demonstrating its sta-
bility. And the only characteristic signal of 0=S=0 is detected,
corresponding to the sulfone products after the reaction (Fig. S8).

4. Conclusions

To conclude, towards the purpose of high-value utilization of
the diesel components, a series of heterojunction Ti/3D g-C3N4
catalysts are prepared, then applied in the adsorption-promoted
catalytic oxidation of the aromatic sulfides. The edge N(C-N-H)
and skeleton N(N—(C)3) groups within the carbon nitride exhibit
electron-transport capabilities, facilitating the transfer of elec-
trons to the Ti center. The optimization of the specific surface area
and the pore structure is conducive to the mass transfer process.
The synergistic effect between enhanced adsorption mass transfer
and charge regulation is helpful for superoxide radical -O;" pro-
duction. Accompanied by the process of free radicals, the aromatic
sulfides are selectively oxidized into the corresponding sulfone
substances, which are viewed as high-value products. The finding
demonstrates the potential development of the bifunctional het-
erostructure catalysts and the high-value utilization of diesel fuel.
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