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or visible light photocatalysis:
a calcination approach to diesel photo-
desulfurization under visible light

Asmaa S. Morshedy * and Aya M. Matloob*

The increasing demand for clean fuels, coupled with stringent sulfur emission regulations, has driven the

need for efficient and sustainable desulfurization technologies. In this study, a visible-light-active Black-

TiO2 by carbonization of Ti-MOF under vacuum was developed and evaluated for the photocatalytic

desulfurization for sulfur-containing pollutant in diesel fuel that poses significant environmental risks.

The White-TiO2, Black-TiO2, and Ti-MOF were synthesized through a simple method and

comprehensively characterized using XRD, FT-IR, Raman spectroscopy, BET surface area analysis, SEM-

mapping, UV-vis diffuse reflectance spectroscopy, and photoluminescence measurements. The Black-

TiO2 (Ti@C) demonstrated superior photocatalytic performance compared to individual W-TiO2 or Ti-

MOF catalysts, attributed to improved charge separation, reduced band gap, and strong interfacial

interactions between Ti and C under visible light. Key operational parameters, including catalyst dosage,

H2O2 concentration, and irradiation time, significantly influenced the degradation efficiency. Remarkable

degradation efficiencies of 97.99% for real diesel feedstock (1300 ppm sulfur) for LHL, 99.53% under

sunlight were achieved, with acetonitrile extraction effectively removing the oxidized sulfur compounds.

The catalyst maintained excellent stability and reusability over six consecutive cycles, demonstrating its

potential for practical fuel desulfurization applications. This research presents an environmentally

friendly, a highly cost-effective, and energy-efficient approach to producing ultra-low sulfur fuels using

solar energy.
1. Introduction

Demand for ultra-clean fuels has increased very signicantly in
recent years due to increasing environmental concerns and
increasingly stringent world-wide emission standards. Air
pollution, primarily driven by the combustion of fossil fuels,
poses signicant threats to human health and the environment.
Sulfur compounds in fuels are major contributors to air pollu-
tion, leading to the formation of harmful emissions such as
sulfur dioxide (SO2), which can cause respiratory issues and
acid rain. Addressing this challenge requires innovative
approaches to reduce sulfur content in fuels effectively.1,2One of
the most challenges in cleaner fuel production is the effective
removal of sulfur-containing compounds from diesel fractions,
which are known contributors to air pollution and acid rain
when they are burned.3,4 They also destroy catalysts in rening
facilities, which become less effective and shorten their life-
span. So, it is necessary to remove sulfur from diesel to protect
the environment, meet global fuel standards, and make the
rening process more efficient.5–9
search Institute, Nasr City, Cairo, 11727,
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Diesel fuels typically consist of a broad spectrum of sulfur
compounds such as mercaptans, suldes, disuldes, thio-
phenes, benzothiophenes (BT), dibenzothiophenes (DBT), and
their alkylated derivatives.10,11 Conventional HDS technology,
although good for lighter sulfur compounds, is high tempera-
ture (300–400 °C) and high pressure (3–5 MPa) with hydrogen
supply, which is energy-consuming, expensive, and not envi-
ronmentally friendly.12,13 Besides, the existence of alkylated
DBTs in diesel fuel results in incomplete sulfur removal, such
that complementary or additional processes are required.14,15 To
address the limitations of hydrodesulfurization (HDS), oxida-
tive desulfurization (ODS) has gained signicant interest as
a cost-effective alternative that operates under moderate
conditions and offers high efficiency.16,17

Consequently, Photo-Oxidative Desulfurization (PODS) is seen
as an advanced version of ODS, utilizing photocatalysts and
visible light to enhance the oxidation rate. This approach benets
from renewable energy, the potential for free radiation sources,
and low operating temperatures (ambient conditions).18 This
process (ODS) is performed at milder conditions than HDS and
involves the oxidation of sulfur compounds into more polar
sulfones or sulfoxides that can easily be extracted by using polar
solvents.19 Among the ODS processes, photocatalytic oxidative
desulfurization (PODS) has been noted for its environmentally
© 2025 The Author(s). Published by the Royal Society of Chemistry
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benign process, involving light-activated catalysts to generate
reactive oxygen species to selectively oxidize sulfur species. It can
be carried out under room temperature and atmospheric pres-
sure, and in some cases, even using natural sunlight.20

Several catalysts have been studied for the photocatalytic
oxidation of sulfur compound such as zinc oxide,21,22 graphitic
carbon nitride,23,24 cadmium sulde,25,26 molybdenum di-
sulde,27,28 bismuth vanadate,29,30 tungsten oxide,31,32 metal–
organic framework (MOF).33–35

Titanium oxide TiO2 is the most commonly used material
because of its abundant raw materials, simple preparation
method and easy availability,36 good chemical stability, envi-
ronmental friendliness and high photocatalytic activity (a
benchmark for research in the area of photocatalysis).37 Also,
have the advantage of high photo-reactivity, biological inertness
and environmental friendliness.

TiO2 has emerged as a leading photocatalyst in this eld,
known for its stability, non-toxicity, and strong oxidative capa-
bilities. The photocatalytic activity of TiO2 depends on its
crystalline phase, anatase being the most active allotropic phase
when compared to rutile and brookite.38

Although the wide diversity of approaches to utilizing TiO2 is
extremely diverse, spanning environmental applications (water
purication, air pollution decomposition), medical applications
(cancer therapy, anti-bacterial coating), energy-related technol-
ogies (hydrogen generation, CO2 conversion and solar cells) and
consumer products (self-cleaning surfaces), its application
potential remains limited due to three fundamental challenges.
The most signicant limitation is its large bandgap (approxi-
mately 3.2 eV for anatase) that allows irradiation only to ultra-
violet radiation, which accounts only for 5% of solar radiation,
under-utilizing the abundant visible light (45%).39 In addition,
the photocatalytic activity can be seriously limited by rapid
recombination of photogenerated (electron–hole) pairs with
a reduction in quantum efficiency. Finally, the operation mode
of photocatalysis requires continuous light illumination to
maintain activity, thus this method cannot be commonly
applied in low-light or dark conditions.40

Due to its electronic properties, TiO2 suffers from low uptake
of non-polar and hydrophobic contaminants as a result of its
polar nature, as well being an inert surface due its non-porous
structure.41 In addition, the poor cycle reusability and recovery
of nano-sized TiO2 make it impractical for use in water solution,
and poses a potential threat to both economy and environ-
ment.42 In addition, the inherent agglomeration and aggrega-
tion of nanoparticles in such aqueous systems signicantly
reduces the effective surface area; thus impair light absorption
and consequently reduce photocatalytic activity, but it is beyond
our scope to delve further into their discussion.43

In order to overcome these intrinsic obstacles and increase
the utilization efficiency of solar light, a great deal of interest is
dedicated to the preparation of modied TiO2 nanostructure.44

The calcination process is a critical step in the preparation of
TiO2, involving heating the material at high temperatures to
enhance its structural integrity and photocatalytic performance.
Calcination leads to improved crystallinity, increased surface
area, and optimized electronic properties, all of which are
© 2025 The Author(s). Published by the Royal Society of Chemistry
crucial for maximizing photocatalytic activity. Additionally,
TiO2's band gap (3–3.2 eV) restricts its absorption to the UV
range,45 limiting its utility in broader applications. As a result,
the development of effective visible-light photocatalysts is
increasingly important to overcome these limitations.46,47

Titanium dioxide (TiO2) doped with graphene (G) has
garnered signicant attention as a promising material for
enhancing photocatalytic performance. TiO2, while widely used
for its strong photocatalytic activity, affordability, and stability,
faces limitations such as rapid recombination of electron–hole
pairs and restricted absorption in the UV range due to its wide
band gap. Doping TiO2 with graphene, a two-dimensional carbon
material with high surface area, excellent conductivity, and
remarkable electron mobility, addresses these challenges.48 Gra-
phene acts as an electron acceptor, reducing the recombination
rate of photogenerated charge carriers and extending TiO2's
activity into the visible light spectrum. This synergistic effect
between titanium dioxide (TiO2) doped with activated carbon
(AC) has emerged as a promising composite material in the eld
of photocatalysis.49 While TiO2 is widely recognized for its high
photocatalytic activity, stability, and low cost, its performance is
oen limited by the rapid recombination of electron–hole pairs
and its restricted absorption to the UV region due to a wide band
gap. Doping TiO2 with activated carbon, known for its high
surface area, excellent adsorption properties, and ability to
enhance charge separation, signicantly improves its photo-
catalytic efficiency.50 Activated carbon not only provides a larger
surface area for pollutant adsorption but also acts as a conductive
medium, facilitating better charge transfer and reducing elec-
tron–hole recombination. This combination leads to enhanced
photocatalytic performance under both UV and visible light,
making TiO2/AC composites ideal for applications in water
purication, air treatment, and pollutant degradation.51

In this context, metal–organic frameworks (MOFs) have
garnered a lot of interest due to their strong catalytic potential,
high surface area, and adjustable porosity.52 Ti-MOFs, or titanium-
basedMOFs, are especially promising since they take advantage of
titanium's photocatalytic activity. Their potential for photocatalytic
applications has been increased by variations like black titanium
and white titanium Ti-MOFs, which have shown unique optical
and electrical characteristics. In order to promote photocatalytic
activity under UV light, white titanium is usually composed of
anatase TiO2, which has a high bandgap energy and strong
stability. Conversely, black titanium experiences hydrogenation or
aw engineering, which results in a reduced bandgap and
improved visible light absorption. Because of these changes, black
titanium is a exible option for processes that rely on sunlight.53

This work will focus on the analysis of one specic synthesis
modication strategy, calcination process, developed to tailor
TiO2 capable to utilize visible light and aimed at improved
application of enhanced photo-desulfurization processes.

2. Experimental
2.1. Materials

1,4-Benzene dicarboxylic acid (H2BDC, $98%), titanium iso-
propoxide ($99.5%) and absolute ethanol (99.99%), were
RSC Adv., 2025, 15, 50734–50750 | 50735
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Table 1 Characterizations and ASTM code for diesel feedstock

Characterization Diesel feedstock ASTM code

Yield, wt% 100 —
Refractive index, 20 °C 1.4669 D-1218
Density, 20 °C, g cm−3 0.8268 D-1298
Sulfur content, ppm 1250 D-4294
Aniline point, °C 70.00 (158 °F) D-611
Diesel index 52.15 —
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obtained from Sigma-Aldrich Co., Ltd. Ammonium hydroxide
solution (33%) was supplied by Merck in Germany. Hydrogen
peroxide (H2O2, 30%) solution was also obtained from LOBA
Chemie. Acetonitrile was provided by Sigma-Aldrich. Di-
benzothiophene (DBT), silver nitrate (AgNO3), benzoquinone
(BQ), isopropanol (IPA), and ammonium oxalate (AO) were ob-
tained from Sigma-Aldrich Co., Ltd. The petroleum diesel oil
fraction was sourced from El-Nasr Petroleum Company. All
materials were used as received, without any further treatment.

Diesel oil is a type of fuel that is commonly used for heating
and industrial processes. It is also known by other names and
synonyms such as heating oil, furnace oil, and kerosene oil. The
diesel index is derived from the API gravity and aniline point
(ASTM D611). The aniline point of any fuel is the lowest
temperature, at which the fuel is completely miscible with an
equal volume of aniline, where:

Diesel index = [aniline point (˚F) × API gravity]/100 (1)

Diesel index is a measure of the ignition quality of a diesel fuel.
As the feedstock index increase, the ignition quality of the fuel
will increase.54,55

2.1.1. Synthesis of Ti-MOF. In this study, Ti-MOF was
synthesized through a solvothermal method.56,57 Specically,
0.004 mmol of titanium isopropoxide in water was combined
with 0.0024 mmol of terephthalic acid (H2BDC) in ethanol. The
resulting solution was then placed into a Teon-lined autoclave
(V = 100 mL) and sealed within a stainless-steel vessel. The
reactor underwent heating in an oven at 110 °C for duration of
24 hours, followed by a cooling period to room temperature.
The white solid products obtained from the synthesized MOF
were collected, washed multiple times with ethanol, and
subsequently dried at 70 °C for duration of 12 hours.

2.1.2. Preparation of white-TiO2 nanoparticles. In a typical
synthetic procedure, Ti-MOF (1 g) was transferred to a muffle
furnace, the furnace was quickly sealed and the mixture was
calcinated at 500 °C for 3 h under oxygen atmosphere. Finally,
the solid denoted as (W-TiO2) was allowed to cool to room
temperature.

2.1.3. Preparation of Ti@C nanoparticles (black-TiO2). In
a typical synthetic procedure, Ti-MOF (1 g) was transferred to
a sintering boat, which had been previously placed in a vacuum
tube furnace lled with N2. The furnace was quickly sealed and
the mixture was annealed at 500 °C for 3 h under N2 atmo-
sphere. Finally, the solid was allowed to cool to room temper-
ature (B-TiO2).
50736 | RSC Adv., 2025, 15, 50734–50750
2.2. Characterizations

The X-ray diffraction patterns (XRD) of the samples were ob-
tained at room temperature using Cu Ka irradiation (l = 1.5406
Å) operating at 36 kV tube voltage and 20 mA tube current. Data
was collected between 10° and 70° (2q) with a 0.02° step size.
The function groups of the prepared samples were investigated
using Fourier transformer infrared spectroscopy (FT-IR). The
analysis was conducted utilizing the ATI Mattson 1001 within
the wavenumber range of 400–4000 cm−1. The function group is
measured a Fourier-transform infrared (FT-IR) spectropho-
tometer (Nicolet iS-10, USA). The structural characteristics of
the produced materials were determined using X-ray powder
diffraction (XRD) on an X'Pert PRO PANalytical equipment with
a Ni lter (=0.15406 nm). Using a Quantachrome NOVA 2000,
the surface characteristics of the produced materials were
assessed. Raman spectra were detected using a BRUKER 110/S
spectrometer in the range from 150–4000 cm−1. The analyzed
materials were degassed at 60 °C for six hours as a pre-
treatment step. An energetic dispersive X-ray (EDX) unit-
equipped scanning electron microscope (SEM) model Quanta-
250 FEG, FEI, Netherlands was used to capture the morphol-
ogies of these samples. The generated structures' optical char-
acteristics were assessed through the utilization of
a spectrophotometer model V-570 from JASCO-Tokyo, Japan
and ultraviolet-visible diffuse reectance spectroscopy (UV-vis
DRS). Their optical properties were further investigated by
generating photoluminescence (PL) curves using a Japanese-
made Spectrouoro-photometer model JASCO FP-6500
(Table 1).
3. Results and discussion
3.1. XRD

X-ray diffraction analysis (XRD) of the prepared Ti-MOF, W-
TiO2, B-TiO2, were studied and represented in Fig. 1. For Ti-
MOF, it can be seen that Ti-MOF shows a strong diffraction
peak at 2q around 4.00° with a series broad diffraction peak at
2q 18.50°, 29.80°, and 44.90°, which can be attributed to the
successful synthesis of Ti-MOFs. The result agrees with the
previous report.58 The diffractogram of both B-TiO2 and W-TiO2
Fig. 1 XRD patterns of Black-TiO2, Ti-MOF, and White-TiO2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalysts show a huge and sharp peak at 25.2° indicates that
there is a strong signal of (101) plane from anatase TiO2, Other
planes from anatase TiO2 like (004), (200), (105) and (204) can be
also seen in the pattern (PDF #86-1157).59 Other than that,
a small peak at 27.4° reveals that rutile phase also exists inW-Ti,
and B-Ti, On the B-TiO2, the intensity of rutile (110) plane
becomesmuch higher than in theW-TiO2, on comparing B-TiO2

withW-TiO2, it can be seen that position, intensity, and width of
their XRD diffraction peaks are almost the same. This suggests
that the Ti–O lattice of the B-TiO2 sample did not change aer
low-temperature annealing.60 The narrow XRD peaks and the
absence of any additional impurity peaks suggest that as-
prepared materials were successfully synthesized with high
purity and good crystallinity.
3.2. FT-IR

Fourier transforms infrared spectroscopy (FT-IR) analysis of the
prepared Ti-MOF,W-TiO2 and B-TiO2 samples were investigated at
wavenumbers ranging from 4000 to 400 cm−1 (Fig. 2), to identify
the functional groups on their surface and to provide comple-
mentary structural information to the X-ray diffraction results.

Fig. 2 shows FT-IR spectra of all the prepared titanium
samples. FT-IR analysis exhibited standard characteristic bands
and was employed to conrm the successful synthesis of Ti-
MOF structure (Fig. 2): (1) the broad band at 3450 cm−1

assigned –OH groups,61 indicates the presence of water mole-
cules (2) bands at 1620 cm−1, and 1480 cm−1 are corresponding
to C]O and C–O group of carboxylic acid aer coordination of
H3BTC to the metal center,62 (3) the vibrational band at 1460–
1100 cm−1 indicate (C]C) benzene rings that is present in the
framework conrmed the successful synthesized of Ti-MOF. (4)
The vibration bands appear around 450–700 cm−1 assigned O–
Ti–O, (5) the vibrational stretching band at 620 cm−1 assigned
Ti–O. For W-TiO2 FT-IR spectrum shows the broad band at
3500 cm−1 corresponding to the stretching vibration the O–H
bond, a band at 1620 cm−1, corresponding to bending modes of
Fig. 2 FT-IR spectrum of Black-TiO2, Ti-MOF, and White-TiO2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
water Ti–OH and characteristic bands of titanium dioxide are
located at 450 cm−1 and 700 cm−1.63 For B-TiO2 which carbon-
ized at 500 °C in nitrogen, as shown from FT-IR spectra the very
low intensity of organic ligand bands and the disappearance of
–OH band which conrms the successful synthesis of B-TiO2.
3.3. Raman spectroscopy

Raman spectroscopy has been used to conrm the structural
features and the phase changes of the synthetic materials which
include Ti-MOF, W-TiO2, and B-TiO2 which is depicted in Fig. 3.
The synthesized titanium metal–organic framework showed
characteristic vibrational signatures in the wavenumber region
of 1450–1600 cm−1 due to aromatic rings C]C stretching along
with peaks in the range of 470–730 cm−1 corresponding to Ti–O
bond vibrations in the organic framework. These features
support the successful synthesis of titanium metal organic
framework which corresponds with the FT-IR results and
previously reported scholarly papers.64

TheW-TiO2 obtained through the calcination of Ti-MOF in the
presence of an oxygen atmosphere showed intense sharp Raman
peaks at 145 cm−1 (Eg mode), 400 cm−1 (B1g), 520 cm−1 (A1g) and
640 cm−1 which identify the presence of anatase TiO2. This
clearly dened peak supports the claims of high crystallinity and
purity of the anatase phase produced during oxidative activity
which was also supported by the XRD results and scholarly
documents. B-TiO2, produced via calcination of Ti-MOF in
nitrogen atmosphere showed less intense and broader peaks as
compared to W-TiO2. The Eg mode at 145 cm−1 was also broader
and relatively shied which means the presence of some oxygen
vacancy and defect states.65 These features of the structure
undermine the synthesis attributed to the reductive atmosphere
and are said to strengthen the absorption of visible light by
lowering the bandgap energy of TiO2.66 This supports FT-IR
organics data where ligand signals were less intense and –OH
bands were mostly absent, conrming efficient carbonization.

Comparatively, these Raman results demonstrate the conver-
sion of the Ti-MOF precursor into crystallized phases of TiO2 with
Fig. 3 Raman spectra of Black-TiO2, Ti-MOF, and White-TiO2.

RSC Adv., 2025, 15, 50734–50750 | 50737
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distinguishing properties both optically and structurally. W-TiO2

shows greater UV responsive crystallinity while B-TiO2 thanks to
its defect-rich structure has better visible-light responsiveness.
These variances have a substantial impact on the efficiency of
photocatalytic activity for oxidative desulfurization processes.
3.4. Scanning electron microscopy

Scanning electron microscopy shows distinct morphologic
changes aligned with each material's photocatalytic capability.
The parent Ti-MOF shows characteristic intergrown cubic
crystallites (∼150 nm) along with edges and surface porosity
reective of its order, metallic–organic framework structure.67

Fig. 4 shows the thermal transformation yields dramatically
recongured architectures. B-TiO2 reveals a mesoporous
network of fused 30–80 nm nanoparticles with pronounced
surface texturing which is enhanced light harvesting defect
engineering.66 In stark contrast, W-TiO2 displays highly uniform
spherical nanoparticles of 20 ± 5 nm with smooth crystalline
faceted surfaces which means complete ligand burning and
crystallization to the anatase phase.68 These structural nger-
prints directly reect the materials' photocatalytic personas
where B-TiO2 with tortuous morphology boosts reactant
adsorption and visible light activity, while geometrically perfect
Fig. 4 SEM patterns of the Black-TiO2, Ti-MOF, and White-TiO2.

50738 | RSC Adv., 2025, 15, 50734–50750
W-TiO2 favors UV-driven quantum efficiency as shown in our
photocatalytic tests (Section 3.7).

3.5. Transmission electron microscopy (TEM) analysis

TEM analysis was conducted to examine the internal
morphology and nanoscale structure of the synthesized Ti-
MOF, B-TiO2, and W-TiO2 materials (Fig. 5). The Ti-MOF
sample displays crystalline domains intergrown into broad
particles with cubic or rectangular shapes. The uniform particle
morphology and internal porosity align well with the metal–
organic framework structure assumed to be synthesized from
the coordination of titanium isopropoxide with terephthalic
acid. Such features depict that the MOF synthesis was
successful, providing a scaffold-like structure template for oxide
formation through thermal processing.64

B-TiO2 was found to have amesoporous fused nanoparticulate
network with the individual particles being 30–80 nm in size aer
performing nitrogen chamber calcination. The particles
appeared rough and porous suggesting surface defect formation
due to carbonization. Such features corroborate ndings on B-
TiO2 that incorporate defect engineering and carbon doping,
resulting in enhanced absorption of visible light and photo-
catalytic activity.66 The nanoporous network should also enhance
surface area thereby increasing reactant adsorption; augmenting
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HR-TEM patterns of the Black-TiO2, Ti-MOF, and White-TiO2.
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photocatalytic sulfur removal. On the other hand, W-TiO2 ob-
tained via calcination in an oxygen atmosphere featured smooth
spherical nanoparticles with a mean diameter of 20 ± 5 nm.
These nanoparticles exhibited smooth surfaces and high crys-
tallinity, which demonstrates complete transformation of the Ti-
MOF precursor into anatase TiO2. The absence of defects and
irregularities implies a purer phase with low disorder, which is
expected from a UV-active photocatalyst attributed to the
predominant anatase phase.68 These morphological distinctions
between B-TiO2 and W-TiO2 underscore the inuence of the
thermal environment on structural evolution. While W-TiO2

favors crystallinity and UV activity, B-TiO2's defective structure
enhances light harvesting under visible light, as corroborated by
photocatalytic performance data discussed in Section 4.
3.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis is carried out to
understand the nature of the functional groups present on the
surface and the atomic percentage of elements of the prepared
material. Survey spectra of B-TiO2 contain: Ti 2p, C 1s, O 1s
peaks are graphically illustrated in (Fig. 6a). Which conrm that
the surface is composed mainly of titanium, oxygen, and carbon
elements.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The high-resolution Ti 2p spectrum (Fig. 6b) displays two
well-dened peaks located at approximately 458.5 eV and
464.2 eV, which correspond to Ti 2p3/2 and Ti 2p1/2, respectively.
This spin–orbit splitting of ∼5.7 eV is characteristic of Ti4+ in
TiO2, conrming that the titanium in the B-TiO2 sample
maintains the +4 oxidation state without noticeable reduction
to lower oxidation states such as Ti3+.

The O 1s spectrum (Fig. 6c) shows a wide peak at 530.0 eV for
lattice oxygen (Ti–O–Ti). It is observed with a prominent
shoulder at increased binding energy (∼531.5–532.0 eV) that
reveals the existence of surface hydroxyl groups and/or oxygen
vacancies. These oxygen defects account for enhancing visible-
light photocatalytic activity of B-TiO2 as active sites and also
promoting charge separation.

The C 1s spectrum (Fig. 6d) shows a dominant peak at
284.8 eV for C–C/C–H bonds, and weak peaks at higher binding
energies (∼286–289 eV) due to C–O and C]O groups. The
resultant carbon species may be from trace organic ligands or
partial carbonization of the MOF precursor during nitrogen
calcination and form a Ti@C hybrid structure. Carbon intro-
duction is the reason for improved electrical conductivity as
well as light absorption in the visible region.66

Collectively, the XPS analysis conrms the successful formation
of B-TiO2 with Ti4+ as the dominant oxidation state, presence of
RSC Adv., 2025, 15, 50734–50750 | 50739
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Fig. 6 XPS of the as-prepared Black-TiO2, (a) survey, (b) Ti 2p, (c) O 1s and (d) C 1s spectra.
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oxygen vacancies, and surface carbon, all of which are benecial
for enhancing photocatalytic activity under visible light irradiation.
3.7. Optical properties

The UV-vis diffuse reectance spectra (DRS) presented in Fig. 7a
reveal signicant insights into the optical properties of the
synthesized materials. The distinct reectance peak at 450 nm
for the B-TiO2 sample suggests strong light absorption in the
visible range, indicating its potential for applications in pho-
tocatalysis. In contrast, the peaks for W-TiO2 and Ti-MOF at
370 nm and 380 nm, respectively, highlight their ability to
absorb UV light, which may be advantageous for processes
requiring high-energy photons. The UV-vis spectra indicate that
the incorporation of carbon (carbonization) into the TiO2

(through the calcination of the Ti-MOF in vacuum) exhibits
a red signicant absorption in the visible spectrum, with the
absorption edge shiing to longer wavelengths, suggesting its
potential for superior photocatalytic performance under visible
light conditions.69

The band gap energies of the three samples were determined
from their optical absorption spectra using Tauc's equation
(eqn (2)):

(ahn)n = A(hn − Eg) (2)

where a is the coefficient of absorption, hn is photon energy, A is
a constant, and Eg is the optical bandgap, respectively.
50740 | RSC Adv., 2025, 15, 50734–50750
The calculated band gap values further enhance our under-
standing of these materials' electronic properties as presented
in Fig. 7b. The band gap of 2.42 eV for B-TiO2 (Ti@C) suggests
a suitable energy threshold (facilitate enhanced charge carrier
mobility) for visible light absorption, making it particularly
relevant for solar energy conversion applications. This reduc-
tion in band gap enhances the materials' ability to absorb
visible light, indicating their potential as effective photo-
catalysts for photo-desulfurization process. Meanwhile, the
higher band gaps of W-TiO2 (3.36 eV) and Ti-MOF (3.10 eV)
imply that they are better suited for UV-driven processes,
potentially limiting their utility in visible light applications. The
characterization of these materials through UV-vis DRS and
band gap analysis provides valuable information on their
potential applications in photocatalysis, solar energy harvest-
ing, and other elds requiring tailored optical properties.
Future studies could explore the photocatalytic efficiency of
these materials in various reactions, further validating their
practical utility.

The charge migration and transfer performance of the as-
synthesized samples were evaluated through photo-
luminescence (PL) spectra analysis. Generally, photocatalysts are
designed and utilized to enhance photocatalytic efficiency by
minimizing electron–hole recombination rate, as the rapid
recombination of electrons and holes is a key limitation in
photocatalysis. PL intensity is directly related to the recombina-
tion rate of photo-induced charge carriers, where higher PL
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) UV-visible reflectance of Black-TiO2, Ti-MOF, and White-
TiO2. (b) Band-gap of the Black-TiO2, Ti-MOF, and White-TiO2.

Fig. 8 PL spectroscopy of the Black-TiO2, Ti-MOF, and White-TiO2.
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intensity under light irradiation indicates a greater rate of elec-
tron–hole recombination.70 The photoluminescence (PL) curves
shown in Fig. 8 indicate that B-TiO2 exhibits the lowest PL
intensity. The observation that B-TiO2 has the lowest PL intensity
indicates that it effectively suppresses charge carrier recombi-
nation. In photocatalytic applications, lower PL intensity is oen
correlated with enhanced photocatalytic activity, as it suggests
that more exciting (electron–hole pairs) are available for partici-
pating in the catalytic process rather than recombining.70

The order of PL intensities is as follows: B-TiO2 < Ti-MOF <W-
TiO2. This emphasizes the superior performance of B-TiO2 and it
the highest photocatalytic activity for removing the sulfur
compounds in this work. This trend can be interpreted in terms
of structural and calcination procedure differences among the as-
samples. The presence of specic activated carbon in B-TiO2

sample may facilitate efficient charge separation, thereby
enhancing its photocatalytic capabilities. In contrast, higher PL
intensities observed in the other samples, such suggest that these
materials may experience greater charge carrier recombination,
which can limit their effectiveness in photocatalytic reactions.
The strong performance of B-TiO2 aligns with its favorable band
© 2025 The Author(s). Published by the Royal Society of Chemistry
gap of 2.42 eV, which allows it to absorb visible light effectively,
thus driving photocatalytic reactions. Additionally, exploring the
material's stability under prolonged light exposure and its
performance in real-world scenarios will be crucial for assessing
its practical viability. In practical terms, this means that B-TiO2

could be more efficient in applications such as environmental
remediation, where light-driven processes are essential.
4. Photocatalytic activity of the
prepared samples

During photocatalytic oxidative desulfurization experiments,
linear halogen lamp with power 500 W (supplied by Orange-CT,
USA) was used as the energy source. The photo-catalytic activity
of the 1 gram of catalyst was studied for the degradation of
sulfur compounds in the diesel oil (1300 ppm). In this experi-
ment, 25 mL of feedstock and 0.1 g of the catalyst69 were put to
quartz-glass vessel connected with a reux unit and set on the
top of magnetic stirrer (500 rpm) inside a wooden box.69 The
experiments were carried out at different times. Different
amounts of the catalyst. CH3CN was investigated as solvent of
extraction and H2O2 as an oxidizing agent. The used photo-
catalyst was separated by completion reaction time using the
ltration technique. The sulfur content was determined
utilizing an X-ray uorescence (XRF), spectrophotometer model
EDXRF SPECTROSCAN SL, USA. The study's focus on opti-
mizing key operating parameters is particularly noteworthy. By
ne-tuning the catalyst amount, time, and H2O2 to feed with
solvent by two different ways, researchers were able to signi-
cantly enhance the photocatalytic activity. This level of optimi-
zation is critical for practical applications, as it allows for the
development of tailored processes that maximize efficiency and
minimize resource consumption. The ability to adjust these
parameters to achieve optimal performance demonstrates the
versatility of the developed photocatalysts.
4.1. Experiments in the dark and LHL light

Before conducting the photocatalytic process, the adsorption
capacities of the as-synthesized catalysts for sulfur compounds
RSC Adv., 2025, 15, 50734–50750 | 50741
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Fig. 10 Effect of dosage of Black-TiO2 in photo-desulfurization
process.

Fig. 9 (a) Effect of dark for Black-TiO2, Ti-MOF, and White-TiO2 for
photo-desulfurization process. (b) Effect of LHL-light for Black-TiO2,
Ti-MOF, and White-TiO2 for photo-desulfurization process.
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were assessed under dark conditions over a 24-hour period. The
results, illustrated in Fig. 9a, revealed that B-TiO2, exhibited the
highest adsorption performance, removing 17% of sulfur,
compared to W-TiO2 (9%) and Ti-MOF (14%), respectively.

Under visible light of (LHL, 550 nm, 500 watt, for 1 hour) the
B-TiO2 (Ti@C) displayed superior photocatalytic desulfurization
efficiency, achieving 25% removal of sulfur compounds at
a concentration of 1 g L−1, Fig. 9b. This enhanced performance
was attributed to its optimal band gap energy (2.42 eV) and
improved charge carrier separation, as evidenced by earlier
photoluminescence (PL) measurements (Fig. 8). The carbon
within the B-TiO2 (TiO2@C) catalyst, derived from the
controlled carbonization of the Ti-MOF precursor, plays several
critical roles in enhancing photocatalytic performance. Firstly,
it acts as a sensitizer, narrowing the band gap by introducing
mid-gap states, which is directly responsible for the material's
visible light absorption, as conrmed by UV-vis DRS. Secondly,
the carbon serves as an excellent electron acceptor and
conductor, facilitating the rapid separation of photogenerated
electron–hole pairs and suppressing their recombination,
a mechanism supported by our photoluminescence data.
50742 | RSC Adv., 2025, 15, 50734–50750
Finally, the integrated carbon framework contributes to the
material's structural stability and provides a porous network
that may enhance reactant adsorption. Therefore, the carbon is
not a mere residue but an integral, functional component that
enables the synergistic Ti–C interactions crucial for achieving
high visible-light-driven desulfurization activity. Given these
results, the B-TiO2 was selected for further investigation into the
effects of different operational parameters on the photocatalytic
desulfurization of diesel feedstock (1300 ppm).
4.2. Effect of dosage of black-TiO2

The effect of different dosages on the photocatalytic desulfur-
ization was investigated as shown in Fig. 10. 25 mL of feedstock
and 0.1–1.5 g of B-TiO2 was introduced to photo-system for
contact time 60 min under LHL light. The removal efficiency of
DBT increased steadily with higher catalyst loading, reaching an
optimum of 45% at 1 g L−1. However, further increasing the
catalyst concentration beyond 1.25 g L−1 led to a decline in
activity, with removal dropping to 39%. This reduction in
performance can be attributed to light scattering effects caused
by excessive catalyst particles, which hinder effective photon
absorption and reduce overall photocatalytic efficiency.71
4.3. Effect of oxidizing agent and solvent extraction
technique

Another parameter investigated was the role of the oxidizing
agent, H2O2, in the oxidation of sulfur compounds in diesel
feedstock when combined with the B-TiO2 photocatalyst. The
experiments were conducted under optimal conditions (1 g L−1

catalyst dose, 1 hour irradiation under LHL). Fig. 11 demon-
strates the inuence of different addition of acetonitrile solvent
(CH3CN) with H2O2 addition methods on the photocatalytic
desulfurization. The results revealed that feedstock without the
catalyst shows limited removal while the presence of catalyst
alone gives removal up to 45%. The addition of oxidant (H2O2) to
the catalyst without any solvent shows a key role for the oxidation
process for sulfur compounds, and the percent of sulfur removal
slightly increase. In addition, Fig. 11 discuss the feedstock/H2O2/
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Effect of oxidizing agent and solvent with Black-TiO2 in photo-desulfurization process.
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CH3CN (insituo) yielded nearly 79.35% sulfur removal. These
ndings can be explained by presence of H2O2 led to increase the
numbers of dissociated oxygen atoms.72 As a result, elevated
oxidation levels for sulfur compound are possible and can be
easily removed. While a feedstock/H2O2 followed with CH3CN
(solvent extraction step) as a complementary step representing
the highest efficiency achieved 90.22%, so this technique was
chosen as a better technique for sulfur removal in this work, due
to their high polarity, the previously oxidized sulfur compounds
are strongly drawn to the solvent.72 Also, Fig. 11 shows the diesel
index of the produced diesel fuel was increased as sulfur content
decrease and this is our big goal to obtain gasoil with low sulfur
content and high diesel index. These ndings highlight the
potential of the B-TiO2 photocatalyst as a highly effective and
practical solution for photo-desulfurization process.
4.4. Effect of time

Following the optimization of catalyst type, dosage, and hydrogen
peroxide addition, Fig. 12 presents the effect of contact time (15–
90 minutes) on the desulfurization efficiency under these estab-
lished conditions. The results demonstrate that maximum sulfur
removal (97.99%) was achieved within 75 minutes. Notably,
extending the reaction time beyond this optimal duration
showed no signicant improvement in the photo-desulfurization
efficiency, suggesting that the process reaches completion within
75 minutes under the specied conditions.
Fig. 12 Effect of time of Black-TiO2 in photo-desulfurization process.
4.5. Optimization the process under sunlight

The objective of this stage was to lower process expenses by
substituting LHL with sunlight irradiation, using the previously
determined optimal operating conditions, and testing them on
real diesel fuel containing 1300 ppm sulfur. As reported by
Morshedy et al.,54 the average sunlight intensity in Egypt during
the experiments was 1371 W m−2. Under these optimal condi-
tions, sulfur removal reached 99.53% with sunlight, surpassing
the 97.99% achieved with articial LHL (Fig. 13a). This stage
also included a solvent extraction step using acetonitrile
© 2025 The Author(s). Published by the Royal Society of Chemistry
(CH3CN) at a solvent-to-feed (S/F) ratio of 2 : 1 to eliminate
oxidized sulfur compounds. From an economic and energy
perspective, the desulfurization process employing B-TiO2

photocatalyst proves to be a cost-effective method for producing
ultra-clean diesel fuel.
4.6. Desulfurization kinetics

The kinetics of the dibenzothiophene (DBT) photocatalytic
degradation process were evaluated using a pseudo-rst-order
kinetic model, with Fig. 13b provides critical insight into the
degradation mechanism of dibenzothiophene (DBT) over the
synthesized Black-TiO2 photocatalyst, the analysis of which was
conducted in accordance with the fundamental pseudo-rst-
order rate equation:

log(qe − qt) = log(qe) − k1t/2.303 (3)

where qe and qt are the adsorption capacities at equilibrium and
time t, respectively, and k1 is the rate constant.

The high linearity of the kinetic prole, conrmed by an R2

value of 0.9997, substantiates the applicability of the pseudo-
RSC Adv., 2025, 15, 50734–50750 | 50743
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Fig. 14 Recyclability of Black-TiO2 photocatalyst.

Fig. 13 (a) Optimization of Black-TiO2 under sun-irradiation. (b)
Pseudo-first-order kinetics of dibenzothiophene photo-degradation.
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rst-order model, indicating that the degradation rate is
predominantly dependent on the concentration of DBT. Also,
the high degree of linearity observed in the plot of log(qe − qt)
versus time (t) strongly validates the applicability of this
model, indicating that the rate-limiting step of the photo-
catalytic process is likely governed by the surface concentra-
tion of DBT molecules. The slope of this linear t, calculated
as −k1/2.302, yields the apparent pseudo-rst-order rate
constant (k1), which quantitatively describes the reaction
velocity under the specied experimental conditions. A steeper
negative slope would correspond to a higher k1 value, signi-
fying a more efficient photocatalytic system. Furthermore, the
y-intercept of this plot provides an experimental value for
log(qe), allowing for the calculation of the theoretical pseudo-
equilibrium capacity, which can be compared against the
experimentally determined value to further assess the model's
accuracy. The conformity of the experimental data to this
kinetic model suggests that factors such as photon ux and
catalyst mass were in sufficient excess, ensuring that the
concentration of DBT was the primary variable controlling the
degradation rate.73 Therefore, Fig. 13b not only conrms the
kinetic regime of the reaction but also serves as a fundamental
tool for quantifying and comparing the photocatalytic effi-
ciency of the Black-TiO2 material.45
50744 | RSC Adv., 2025, 15, 50734–50750
4.7. Reusability for the B-TiO2 photocatalyst

The investigation of reusability for the B-TiO2 catalyst is crucial
for assessing their practical application in sustainable
processes, such as desulfurization. The fact that B-TiO2 was
subjected to six cycles under optimal conditions demonstrates
their potential for long-term use. The washing procedure,
involving multiple rinses with toluene followed by ethanol, is
important for removing residual reactants or byproducts that
could hinder catalytic activity in subsequent cycles.

The observed decrease in sulfur removal efficiency aer cycle
6 from 97.99% to 90.17% for B-TiO2 (as showed in Fig. 14)
provides valuable insights into the stability and durability of
these catalysts. It demonstrates relatively better catalytic
activity, which could be attributed to its structural integrity
(Ti@C) or the effectiveness of its active sites in sustaining
performance over multiple cycles. Also, the extraction capacity
of the solvent used may be created and used repeatedly without
losing its effectiveness; the approach offers a high long-term
viability for practical applications.

These results also highlight the importance of catalyst calci-
nation temperature and composition in achieving both high
initial activity and stability over repeated use. Finally, the reus-
ability tests underscore the potential of B-TiO2 as a more stable
option for sulfur removal, while also indicating the need for
further investigation into the factors affecting catalyst longevity.
These ndings are essential for the development of effective and
sustainable catalytic systems for environmental applications.
4.8. Spent B-TiO2 photocatalyst

The structural and chemical integrity of the Black-TiO2 photo-
catalyst was conrmed post-reaction through XRD and FT-IR
analysis (Fig. 15a and b). The spectra for the spent catalyst
remained largely unchanged compared to the fresh material,
indicating excellent stability. However, the FT-IR analysis
revealed the emergence of new vibrational modes at 1066 and
1122 cm−1. The peak at 1122 cm−1 is assigned to oxidized sulfur
compounds (SO2) adsorbed on the TiO2 surface, a phenomenon
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Systematic diagram for the photocatalytic desulfurization
process.

Fig. 17 Evaluation of reactive species roles via scavenger quenching
experiments.

Fig. 15 (a) Spent XRD of Black-TiO2 photocatalyst. (b) Spent FT-IR of
Black-TiO2 photocatalyst. (c) Spent TEM-EDX of Black-TiO2 (Ti@C)
photocatalyst.
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that does not alter the solid's electronic structure.74 In contrast,
the peak at 1066 cm−1 arises from the stretching vibrations of
Ti–O–S bonds,74 providing direct evidence that sulfur
compounds have been successfully incorporated into the TiO2

lattice, leading to decrease the activity of the spent Black-TiO2

photocatalyst aer several rounds.
Complementing the spent XRD and FT-IR analyses, trans-

mission electron microscopy (TEM) and energy-dispersive X-ray
(EDX) spectroscopy provided further evidence of the catalyst's
post-reaction state and the source of its deactivation. TEM
micrographs (Fig. 15c) revealed a noticeable aggregation of
spherical sulfur nanoparticles on the surface of the spent Black-
© 2025 The Author(s). Published by the Royal Society of Chemistry
TiO2, indicating the deposition of byproducts from the diesel
oxidation process. This visual observation was unequivocally
conrmed by EDX spectroscopy, which detected distinct peaks
corresponding to elemental sulfur (S). The presence of these
sulfur deposits, both as adsorbed oxidized species and as
aggregated elemental sulfur, physically blocks active sites on
the photocatalyst surface and potentially impedes light
absorption. This surface poisoning and light-shielding effect,
rather than a collapse of the core TiO2 structure, is identied as
the primary mechanism for the observed decrease in photo-
catalytic activity aer several reaction cycles.45

5. Mechanism of photo-
desulfurization process

Fig. 16 illustrate the proposedmechanism for the photocatalytic
desulfurization reaction discussed in this study. When the B-
TiO2, is exposed to LHL irradiation, the catalyst absorb photons,
RSC Adv., 2025, 15, 50734–50750 | 50745
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Table 2 Comparison of different catalysts for photo-desulfurization process

Photocatalyst Conditions Sulfur removal, % Ref.

Ag–TiO2 nanocomposite DBT in model fuel; UV light
(365 nm), H2O2

93–95 78

Cu–ZnO/TiO2 Dibenzothiophene (DBT), (BT), (T),
model fuel in n-hexane solvent
(500 ppm), oxidant: H2O2 (30%),
light source: 500 W Xe-lamp

88.12 79

Ag@AgBr/Al-SBA-15 derived from
natural halloysite

Dibenzothiophene (500 ppm),
50 mg of the catalyst dosage, 1.0 mL
of H2O2, for 360 min of sunlight
irradiation at 70 °C

98.66 80

Cu-doped TiO2/BiVO4 DBT in model fuel; H2O2; visible
light >500 nm

93 81

Au–m-TiO2/g-C3N4 Dibenzothiophene (DBT), model
fuel in n-octane (500 ppm), oxidant:
H2O2, visible light >400 nm

98.7 82

CoFe2O4 nano-particles DBT, 60 min at 40 °C under the
conditions: 6 mL of model oil
(600 ppm), O/S = 3 : 1 and 125 mg
catalyst

95 83

Ultrasonically synthesized TiO2 Thiophene, oxidant: H2O2, UV light 43 (toluene); 100
(n-hexane, n-octane)

84

Amorphous TiO2 in ionic liquid DBT, BT, 4,6-DMDBT, RSH, oxidant:
H2O2, UV light, optimal reaction
conditions

96.6 85

H5PV2Mo10O40/TiO2 4-Methyldibenzothiophene
(4-MDBT), oxidant: H2O2,
temperature: 60 °C, UV light

99.0 86

HY@TiO2-1.5 DBT, BT, oxidant: H2O2,
temperature: 70 °C, UV light

99.7 for DBT, 85.0 for BT 87

Cu-impregnated carbon-doped TiO2 0.1 mL H2O2, solvent to fuel ratio of
1, catalyst dosage of 2 g L−1, and
initial DBT (250 ppm)

98.27 88

Tl-doped TiO2 nanobers Diesel fuel, oxidant: H2O2, light
source: Xe lamp

98.74 69

TiO2 in ionic liquid Model oil and actual diesel oil,
respectively, in 10 h UV irradiation
under the conditions that V(IL)/
V(oil) = 1 : 5, air ow = 200
mL min−1

98.2 (model oil) and 94.3%
(actual diesel oil)

89

Ti@C (Black-TiO2) Diesel fuel (1300 ppm), oxidant:
H2O2, CH3CN, light source:
(LHL lamp, sun)

97.99 (LHL) and 99.53 (sun) This work

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
19

/2
02

5 
4:

22
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
leading to the excitation of their electrons. This excitation
facilitates the transfer of electrons from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) edges of the structures, generating a signicant
number of electron–hole pairs. As B-TiO2 is excited, photog-
enerated electrons transition from the valence band (VB) to the
conduction band (CB), resulting in the creation of new electron–
hole pairs.

The formation of electron–hole pairs during the excitation of
B-TiO2 is particularly noteworthy, as these pairs can participate
in redox reactions that lead to the breakdown of sulfur-
containing compounds. The migration of photogenerated
electrons from the valence band to the conduction band of as B-
TiO2 underscores the efficiency of the material in harnessing
light energy for catalysis. Aer certain time, the recombination
of (electrons–holes) pairs in B-TiO2 occur.
50746 | RSC Adv., 2025, 15, 50734–50750
Ti@C + hn / (hole+) + (electron−) (4)

Ti@C(h+) + sulfur / Ti@C + oxidation product (5)

H2O2 + hn / 2cOH (6)

Ti@C(e−) + H2O2 / 2cOH (7)

2cOH + sulfur compounds / CO2 + H2O + SO4
2− (8)

Since TiO2 is an n-type semiconductor,75,76 the B-TiO2 (Ti@C)
forms synergistic heterojunction, which plays a crucial role in the
separation and transport of photoexcited charge carriers. This
heterojunction effectively minimizes recombination losses while
enhancing charge transfer efficiency, signicantly boosting the
composite's photocatalytic performance. Such properties high-
light its strong potential for advanced photocatalytic applications
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the future.77 This is critical, as recombination can signicantly
diminish the photocatalytic efficiency by reducing the availability
of active species necessary for sulfur removal. Overall, this
proposed mechanism illustrates the complexity of photocatalytic
reactions and the importance of material composition in opti-
mizing performance. Future research could focus on quantifying
the efficiencies of the catalyst, exploring the impact of varying the
calcination temperature during the preparation process, and
studying the inuence of reaction conditions on the photo-
catalytic activity. Additionally, advanced characterization tech-
niques could provide deeper insights into the electronic structure
changes occurring during the photocatalytic cycle.

5.1. Trapping and identication of reactive photocatalytic
species

To elucidate the contribution of key reactive species in the photo-
desulfurization mechanism, radical trapping experiments were
conducted using specic chemical scavengers. The concentration
of DBT aer each test is measured on the UV-spectrophotometer
model V-570 manufactured by JASCO (Japan). Silver nitrate
(AgNO3), benzoquinone (BQ), isopropanol (IPA), and ammonium
oxalate (AO) were employed to selectively quench electrons (e−),
superoxide radicals (O2c

−), hydroxyl radicals (cOH), and holes (h+),
respectively, as further illustrated in Fig. 17. The radical trapping
experiments revealed that the introduction of (AgNO3), (IPA), and
(AO), signicantly suppressed the photocatalytic desulfurization of
dibenzothiophene (DBT, 200 ppm), reducing the efficiency from
98.88% to 69.7%, 36.5%, and 25.4%, respectively. This pronounced
quenching effect unequivocally identies holes radicals (h+) as the
predominant reactive species governing the reaction. Also, IPA
suggests that hydroxyl radicals (cOH) assume a secondary role in
the photocatalytic mechanism. Based on this investigation the
contribution of active species to the photocatalytic desulfurization
of the DBT follows the order: h+ > cOH > e− > O2c

−.70

5.2. Comparative assessment of photocatalytic
desulfurization efficiencies of black-TiO2 photocatalyst versus
other from recent publications

Photocatalytic desulfurization is an emerging eld where
numerous catalysts are being developed to harness solar energy
effectively. Table 2 presents a comparative analysis of various
catalysts, light sources, and sulfur removal efficiencies. In this
study, the (B-TiO2) catalyst demonstrated exceptional performance,
achieving up to 99% removal of a 1300 ppm sulfur compounds of
diesel feedstock under LHL irradiation (550 nm, 500 W). Remark-
ably, under natural sunlight, the sulfur removal efficiency exceeded
98% for real diesel feedstock. These results surpass those of other
advanced catalysts, providing a strong basis for future research into
the design and optimization of similar nanocomposite systems to
further enhance photocatalytic desulfurization performance.

6. Conclusions

This innovative study has successfully highlighted the effect of
calcination process for designing a photocatalyst for visible light-
irradiation for desulfurization of gas oil feedstock (1300 ppm).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The unique effects resulting to the creation of highly efficient and
versatile photocatalytic systems. B-TiO2 catalyst enhanced light
absorption, promoted effective charge separation, and optimized
interfacial charge transfer processes, which are essential for the
efficient photocatalytic degradation of sulfur-containing
compounds. This work developes a visible-light-active Black-
TiO2 via carbonization of Ti-MOF under vacuumwith exceptional
photocatalytic efficiency in photo-desulfurization of real sample
diesel fuel (1300 ppm). The structural and optical properties of
the three catalysts were thoroughly characterized using XRD,
SEM-mapping, FTIR, Raman spectroscopy, XPS, UV reectance,
and photoluminescence spectra. Among the tested photo-
catalysts, the B-TiO2 (Ti@C) exhibited the lowest photo-
luminescence (PL) recombination rate and the highest catalytic
activity under visible light (500 W halogen lamp, 550 nm). The
enhanced performance compared to W-TiO2 or Ti-MOF was
attributed to improved charge separation, synergistic interfacial
effects, and superior visible-light absorption. Optimizing key
operational parameters such as the catalyst amount, time, H2O2

and CH3CN to feed ratio insituo, and separated step respectively,
improved the desulfurization capabilities of the B-TiO2 photo-
catalyst. Based on the active species trapping experiments,
a feasible Z-scheme photocatalytic mechanism is proposed,
conrming that superoxide radicals (cO2

−) and holes (h+) are the
predominant active species in the photocatalytic oxidation
desulfurization process. Furthermore, the fabricated ower-like
AgI/Bi2O3 photocatalyst in this work demonstrates superior
photocatalytic performance under visible light irradiation when
compared to other reported AgI/Bi2O3 compounds.

Under optimized conditions, sulfur removal reached 97.99%
(LHL) with diesel index 79.40 and 99.53% (sunlight) with diesel
index 82.2, with acetonitrile extraction used to remove oxidized
sulfur compounds (more polarized). The catalyst also demon-
strated outstanding stability and reusability over six cycles,
highlighting its practical potential. The reduction of sulfur
compounds in fuels is essential for minimizing environmental
pollutants and meeting regulatory standards. Moreover, the
ability to operate under mild visible light and real sunlight
aligns with the growing interest in using renewable energy
sources for industrial processes. This work offers an eco-
friendly, cost-effective, and sustainable solar-driven method
for producing ultra-low-sulfur fuels, contributing to cleaner
energy solutions.
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