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ARTICLE INFO ABSTRACT

Keywords: Addressing the escalating global demand for fossil fuels and the urgent environmental concerns associated with
Titanium their use necessitates the development and implementation of efficient and cost-effective techniques for the
MIL-101(Fe) removal of sulfur compounds. In this study, titanium-activated MIL-101(Fe) was utilized for the removal of
Dibenzothiophene

organosulfur compounds through the photocatalytic oxidation desulfurization (PODS) process. The coexistence
of active sites with titanium and iron resulted in an ultra-deep desulfurization. The impact of titanium loading
was assessed, with TxML representing the ratio of Ti to Fe (x = 1, 1.5, and 2, respectively). Nanophotocatalysts
were fabricated by solvothermal method. The physicochemical properties of the new materials were investigated
by performing XRD, TEM, FT-IR, FESEM, EDX, UV-Vis DRS, PL, GC-MS, ESR, TGA, transient photocurrent, and
nitrogen adsorption—desorption analyses. The effect of titanium loading on the structure, and performance of
photocatalysts in the PODS reaction was investigated. The reaction parameters were optimized for maximum
efficiency. Under optimal conditions of T2ML loading at 1.5 g/L, a volumetric solvent to fuel ratio (S/F) of 1, and

Pseudo-first-order kinetic model
Photocatalytic oxidative desulfurization
Hydrogen peroxide

a temperature of 50 °C, T2ML shows the best performance by removing 100 % of dibenzothiophene.
Kinetic experiments revealed that the PODS reaction obeys a pseudo-first order equation, and activation en-

ergy is 47.08 kJ.mol L.

1. Introduction

In recent decades, the global demand for fossil fuels, particularly
petroleum derivatives, has experienced a significant upsurge. Several
key factors contribute to this increased demand, which including pop-
ulation growth, the advancement of transportation infrastructure, and
the expansion of various industrial sectors [1].

The presence of sulfur compounds, including mercaptans, sulfides,
disulfides, thiophene, benzothiophene, and dibenzothiophene, in fossil
fuels poses significant challenges in various industrial settings. These
compounds contribute to multiple issues, such as the corrosion of in-
dustrial equipment, deactivation of fuel cell electrodes and catalytic
converters, and damage to car engines. Therefore, it is crucial to develop
and implement effective desulfurization methods to minimize the
detrimental effects of these sulfur compounds in fossil fuels, ultimately
ensuring the efficient, safe, and sustainable operation of industrial
processes and equipment [2].

Additionally, the combustion of fossil fuels containing sulfur
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compounds leads to the release of sulfur oxides (SOx, x = 2, 3), which
have been recognized as a major contributor to acid rain. Acid rain has
been associated with several detrimental environmental and human
health effects. These harmful consequences emphasize the importance of
mitigating SOx emissions through the implementation of advanced
technologies and strategies to protect the environment and promote
public health [3].

Hydrodesulfurization (HDS) is the conventional industrial method
for sulfur compound degradation in numerous industries, including
petrochemicals and refineries. In addition to the challenging operating
conditions (pressure > 2500 kPa, temperature = 300-500 °C), the
removal of cyclic sulfur compounds like thiophene (Th), 4,6-dimethyl
dibenzothiophene (4,6-DMDBT), benzothiophene (BT), and dibenzo-
thiophene (DBT) remains limited in the HDS process [4]. The develop-
ment of an advanced sulfur removal processes is of paramount
importance to achieve deep desulfurization. Extractive desulfurization
(EDS), adsorptive desulfurization (ADS), oxidative desulfurization
(ODS), photocatalytic oxidative desulfurization (PODS), and oxidation-
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Fig. 1. Schematic of TIML synthesis steps.

extraction desulfurization (OEDS) have been studied as alternatives or
complements to the HDS process [5], and the PODS method has received
much attention owing to its mild operating conditions (ambient pres-
sure, temperature < 100 °C) and low cost [6]. In general, the PODS
reaction involves the oxidation of S-containing materials to sulfones and
polarized sulfoxides by means of appropriate light irradiation and the
action of catalyst sites, which are then separated by a polar solvent,
resulting in the production of a clean fuel [7].

Porous materials composed of organic ligands and inorganic clusters,
called metal-organic frameworks (MOFs), possess promising properties
such as low density, high mechanical stability, high specific surface area,
uniform pore structure, tunable porosity, and high thermal stability
[8,9]. These materials have recently been used in various fields such as
catalysis [10], drug delivery [11], storage [12], membranes [13], pho-
tocatalysis [14], and separation [15]. In recent years, the use and
development of clustered Fe MOFs as heterogeneous catalysts have
garnered great interest due to their high stability toward oxidizing
agents and water [16], usability in a wide range of pH values [17], and
the broad and uniform distribution of iron as a catalyst [18]. MIL-101
(Fe) (MIL is the abbreviation of the Material Institute Lavoisier) is an
iron-based MOF composed of 1,4-benzenedicarboxylic acid linkers and
octahedral chains of Fe(IIl) as secondary building units (SBUs). Features
such as functional linkers, adjustable pores, and surface properties have
attracted the attention of many researchers to MIL-101(Fe) [19].

One of the primary challenges is the high cost of synthesizing MOFs
on a large scale, prompting researchers to focus on the simplest acti-
vation methods for these materials in different fields. Active species like
Mo [20], Ni [21], Mn and Cu [22] have significantly increased the ac-
tivity of MOFs in various reactions. The high cost of using MOFs as
catalysts is a concern; thus, our research has sought to reduce expenses
by employing a straightforward synthesis method. Moreover, the pho-
tocatalyst’s efficiency remains unaltered, and deep desulfurization is
achieved through the introduction of a novel and uncomplicated struc-
ture. To decrease the economic costs associated with MOF synthesis
(easy synthesis) for large-scale industrial use, it was imperative to
identify a suitable catalyst base. MIL-101(Fe) was selected due to its
availability, high specific surface area, and adaptability for large-scale
synthesis. Titanium was chosen as the active component because of its
accessibility and proven efficacy as both a catalyst and a photocatalyst.

In this study, we successfully loaded varying amounts of active Ti
species onto the MIL-101(Fe) structure using a solvothermal synthesis
method. Compared to other methods aimed at advancing the PODS re-
action [23,24], this innovative approach has demonstrated a substantial
improvement in the overall performance of MOFs and photocatalysts,
contributing to the ongoing quest for more efficient and sustainable
catalytic materials. The resulting materials were evaluated for their
physicochemical properties, with a specific focus on their photocatalytic
performance under visible light irradiation. By introducing Ti species
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Fig. 2. Schematic of photocatalytic system.

onto the MIL-101(Fe) structure, we aimed to enhance the material’s
photocatalytic activity and efficiency, leveraging the unique properties
of the MIL-101(Fe) framework.

2. Materials and method
2.1. Materials

The purity percentage of commercial reagents utilized in the syn-
thesis of photocatalysts remained unchanged. These included tereph-
thalic acid (H2BDC, >98 %, Merck), Iron(IlI) chloride hexahydrate
(ClsFeH1206, >99 %, Merck), N, N-dimethylformamide (DMF, >99.5 %,
Merck), and tetra-n-butyl orthotitanate (TBOT, >98 %, Merck). The
following solvents were used: acetonitrile (CHN, >99 %, Merck),
ethanol (EtOH, 96 %, Merck), n-octane (>99 %, Merck), and methanol
(>995 %, Merck). The following reagents were used: 4,6-dimethyldiben-
zothiophene (4,6-DMDBT, >98 %, Merck), dibenzothiophene (DBT,
>98 %, Merck), benzothiophene (BT, >98 %, Merck), and hydrogen
peroxide (H202, 30 %, Merck).

2.2. Synthesis of MIL-101(Fe)

A synthesis of MIL-101(Fe) was carried out through a solvothermal
method adapted from previously reported procedures [25], with certain
modifications incorporated. The procedure involved dissolving 2.7 g
(10 mmol) of Iron(IIl) chloride hexahydrate and 0.83 g (5 mmol) of
terephthalic acid in 60 ml of DMF. To obtain a homogeneous solution,
the resultant mixture was subjected to ultrasonic treatment at ambient
temperature for a duration of 20 min. Subsequently, the solution was
solvothermally processed in a stainless steel autoclave at 110 °C over-
night. Upon cooling to room temperature, the mixture was centrifuged
and washed with DMF and hot ethanol (50 °C) for three cycles. The
resultant product was isolated and dried at 80 °C for a 12-hour period.

2.3. Synthesis of Ti-MIL-101(Fe)

The synthesis of TIMIL was conducted through a multi-step process
involving the combination of Iron(Ill) chloride hexahydrate, tereph-
thalic acid, and TBOT in a controlled manner. Initially, 1.35 g (5 mmol)
of ferric chloride hexahydrate and 0.415 g (2.5 mmol) of terephthalic
acid were dissolved in 10 ml of DMF and mixed vigorously for ten mi-
nutes using a mechanical stirrer at ambient temperature. Subsequently,
5 mmol (1.7 gr) of TBOT was added to the mixture in five steps, with 1
mmol added in each step, and 10 ml of DMF was simultaneously added
during each step. Following each step, the resulting mixture was stirred
for ten minutes to ensure a homogeneous solution, which was then
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placed in an ultrasonic bath at 45 °C for twenty minutes. ultimately, the
resulting solution was transferred to an autoclave and heated in an oven
at 150 °C overnight. The synthesized mixture was subsequently sepa-
rated and dried according to the procedures described in section 2.2 and
designated as TxML (where x represents the Ti/Fe molar ratio, with Ti/
Fe =1, 1.5, and 2). The synthesis steps of T1ML are further illustrated in
Fig. 1.

2.4. Characterization assay

A Bruker D8 device was employed to collect X-ray diffraction pat-
terns (XRD) of the synthesized samples using Cu Ko radiation at 30 mA
and 40 kV. In order to investigate the chemical bonds and functional
groups formed, the Fourier transform infrared (FTIR) spectrum of the
synthesized samples was analyzed using a Bruker Equinox spectrometer
(500-4000 nm). Energy dispersive X-ray spectroscopy (EDX) and field
emission scanning electron microscopy (FESEM) were performed using a
TESCAN MIRA at a voltage of 15 kV in order to detect the morphologies
and microstructures of the materials. The Shimadzu UV-2700 device was
employed to collect the UV-Vis diffuse reflectance spectroscopy (DRS)
spectra of the synthesized photocatalysts. These data were then utilized
to compute the bandgap of the samples. Morphological properties of the
synthesized material were evaluated via transmission electron micro-
scopy (TEM) analysis, conducted using the Philips EM 208S operating at
100 kV. ASAP 2020, Micromeritics (USA) was employed to obtain spe-
cific characteristics using Brunauer-Emmett-Teller (BET) method. In
order to explore the rate of recombination of electrons and holes during
the photocatalytic process, the photoluminescence (PL) spectrum of the
fabricated materials was obtained using a G9800A fluorescence spec-
trophotometer. The time-resolved photoluminescence (TRPL) spectra of
the synthesized samples were obtained using the Shimadzu RF-6000 to
assess the recombination rate of charge carriers in photocatalysts. The
Shimadzu PDA-7000 was employed to ascertain the transient photo-
current of the synthesized samples. The thermal stability of the optimal
sample was also evaluated using thermogravimetric analysis (TGA) in
the range of 50-800 °C (heating rate, 5 °C/min). The present study
aimed to investigate the stability and quantity of photogenerated radi-
cals produced during the photocatalytic process. To this end, 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) was employed as a spin-
trapping agent, in conjunction with the JEOL FA-300 instrument.
UV-Vis absorption spectra were obtained using a Shimadzu UV-160A
spectrophotometer in the wavelength range of 200-700 nm. The quan-
tity of sulfur compounds in each stage of the process was quantified at a
wavelength of 325 nm [26]. To ascertain the nature of the reaction
product, gas chromatography-mass spectrometry (GC-MS) analysis was
conducted using the Shimadzu GC-MS QP 2010 device. The results of
the electrochemical impedance spectroscopy (EIS) tests were obtained
in the frequency range of 10 °-10~2 Hz and with an amplitude of 4 mV
in the electrochemistry laboratory.

2.5. PODS process

The photocatalytic system was composed of a two-neck flask, a
condenser, a mechanical stirrer, a water stirrer, and a 250 W sodium
vapor lamp. PODS activity was evaluated on model fuel (n-octane) with
concentrations of 250, 500, 1000, 2000, 4000, and 5000 ppm DBT.
Catalyst activity was also evaluated for the removal of BT, Th and 4,6-
DMDBT, sulfur compounds at a concentration of 250 ppm. The two-
phase reaction mixture, which consisted of 30 ml of methanol as the
solvent, 30 ml of model fuel, and 0.075 g of catalyst, underwent vigorous
stirring for 45 min in a dark condition to reach an adsorption equilib-
rium state. In the following step, 10 pl of 30 wt% H204 was introduced
into the reaction solution. Subsequently, the lamp was activated to
initiate the photocatalytic oxidation reaction which ran for an additional
75 min. The samples taken from the reaction media were immediately
centrifuged (6000 rpm, 10 min) and diluted with 3 ml of pure n-octane.
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The removal% and organosulfur content were determined using equa-
tion 1 and the schematic of the photocatalytic system is demonstrated in
Fig. 2.
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Co — C;

0

Sulfur compound Removal (%) = x 100 1

The concentration of sulfur compounds before performing the pro-
cess (t = 0), designated as Cop, and at t min, designated as C;, are rep-
resented by the variables Cy and Ct, respectively.

3. Results and discussion
3.1. Characterization assay

At first, the structure of the synthesized samples was explored by
XRD, as shown in Fig. 3. The XRD pattern acquired for MIL-101(Fe)
resembles previous findings [27,28]. It exhibited well-defined peaks at
5°, 10°, and 15°, which suggests that MIL-101(Fe) was synthesized
accurately. The XRD pattern obtained from TxML photocatalysts are
comparable to each other, but distinct from the MIL-101(Fe) pattern.
This observation suggests that titanium loading onto the MIL-101(Fe)
framework has altered the MOF network structure. The obtained pat-
terns for TxML photocatalysts suggests the generation of anatase (a) and
rutile (r) titanium dioxide. The detected peaks at 20 of 25.5, 27.6, 33.3,
35.9, 41.2, 48.9, 54.2, and 62.9 correspond to the characteristic planes
of a(101), r(110), r(101), a(004), r(111), r(200), r(211), and r(204),
respectively (ICDD 00-021-1272 and 00-21-1276) [29,30]. Fig. 3 in-
dicates that with increasing titanium loading, peak intensity noticeably
increases, indicating a greater likelihood of forming titanium dioxide.
Additionally, the XRD analysis yielded clear evidence that titanium
loading has resulted in a substantial alteration of the MOF network, even
leading to its destruction. Consequently, the MOF peaks at 20 = 5°, 10°,
and 15° in the structure of the photocatalysts TXML were not identified.
This suggests that the synthesized samples are composite and possess a
heterojunction structure.

To determine the functional groups of the fabricated materials, their
FTIR spectra were evaluated as shown in Fig. 4. For all spectra, the bands
observed at 1660 and 1530 cm ! are related to the asymmetric
stretching of carboxyl groups [31,32]. The weak absorption at 1122
cm ™! indicates the C-H bending of HoBDC [33]. The broad band at 3472
cm ! illustrates the O-H vibratory stretching in the HoBDC [34]. The
diminished intensity of the peak at 3472 cm™! in the TxML samples
relative to MIL-101(Fe) can be ascribed to the diminished quantity of
H,BDC utilized in the synthesis of the TxML photocatalysts. The peak at
approximately 842 cm ™! is associated with the C-H vibration in H,BDC,
while the peaks at 652 cm ™! are attributed to the p3-O stretching [35].
The absorption peak at 1452 cm ™! is corresponded to the OCO asym-
metric stretching carboxylate group in the H,BDC. The Ti-O stretching
band, attributed to the 530 cm ™! band, is exclusively observed in TxML
photocatalysts containing titanium [36]. The FTIR results affirm the
effective fabrication of MIL-101(Fe), with the successful loading and
introduction of titanium.

To investigate the morphology of the synthesized materials, FESEM
and TEM techniques were employed, as illustrated in Figs. 5 and 6. The
synthesis of MIL-101(Fe) was found to be successful based on the find-
ings in Fig. 5(a and b). The FESEM images obtained from TxML photo-
catalysts (Fig. 5(c-f)) demonstrate that the loading of titanium into the
MOF structure has resulted in notable alterations to the network and the
dimensions of its crystals. These changes include an increase in crystal
size and the emergence of a highly uneven surface, findings that align
with those observed in the XRD analysis. As illustrated in Fig. 6, the TEM
images reveal that the dimensions of the crystals relative to the MOF
have undergone a significant alteration in the T1.5ML and T2ML sam-
ples. This is attributed to the increased loading of titanium, which has
resulted in a notable change in the crystal structure. Additionally, the
surfaces of T1.5ML and T2ML exhibit a noticeable roughness, particu-
larly at the edges of the crystals. This observation is indicative of a
distinct change in the crystal morphology. The examination of the T1ML
sample’s mapping images (Fig. 7) reveals a homogeneous dispersion of
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Fig. 6. TEM micrographs of synthesized materials: (a) MIL-101(Fe), (b) T1.5ML, (c) T2ML.

Fe, while Ti exhibits a more heterogeneous distribution. This observa-
tion suggests that the employed synthesis method successfully utilized
the MOF as a support structure for active titanium species. Ultimately,
the formation of TxML composites can be attributed to the deposition of
titanium particles on the MOF’s surface, as evidenced by the observed
differences in elemental distribution.

Results of the Nj-physisorption experiments are demonstrated in
Fig. 8(a). The findings indicate that the specific surface area decreases
with the growing introduction and loading of titanium. This is attributed
to the blockage of the holes by titanium and the consequent reduction of
nitrogen adsorption. The results from BJH (Fig. 8(b)) demonstrate that
an increase in titanium loading is associated with a reduction in both
pore volume and diameter. The sharp decrease in the specific surface
area of T2ML, as indicated by BET analysis, suggests that the T2ML
sample contains a greater number of titanium active sites than other

synthesized materials. This is consistent with the hypothesis that these
sites facilitate the reaction and contribute to the observed high reac-
tivity. This outcome aligns with the results gathered from BET analysis
(Table 1). A comparison of the results of XRD, FESEM, and BET analysis
reveals that the synthesized samples exhibit a composite structure,
wherein titanium serves as the primary active component of the reaction
and MIL-101(Fe) functions as a support.

Turnover frequency (TOF) is a measure of the specific activity of
catalytic centers of the TxML nanophotocatalysts, defined as the number
of molecular reactions or catalytic cycles occurring at the center per unit
of time. TOF for TxML nanophotocatalysts enables a high number of
catalytic cycles to be completed per unit time. The TOF is calculated
using the following equation [37], the value of which is reported for
each of the synthesized materials in Table 1.
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(Mole of active site specise in the nanophotocatalyst) x (reaction time)

The study of the PL spectra of the new materials was conducted to
investigate the recombination rate of photogenerated h' and e [38],
illustrated in Fig. 9(a). The spectra within the range of 340-350 nm
display a broad peak, as depicted in Fig. 9(a), this peak results from the

Volume Adsorbed (cm®STP.gr™)

(2

recombination of h* and e between the valence and conduction bands.
Generally, as the PL intensity decrease, the recombination rate of e~ and
holes h™ decreases [39]. Additionally, the stability of the photocatalyst
decreases, resulting in decreased performance in the PODS reaction.

1515 KV | probe = 1nA
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Fig. 7. FESEM and EDX mapping images of T1ML.
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Table 1 0.0
The surface characteristics along with band-gap energy of the prepared 100
materials.
—— MIL-101(Fe)
Photocatalyst ~ Spgr Pore Band- Pore TOF 90 1 T2ML r-0.1
(m?/. 2) Volume gap (eV) diameter (min™ 1)
(cm®/g) (nm) ~ 80
X —~
MIL-101(Fe) ~ 541.3 1.6531 2.94 3.5711 7.451 e r02 &
T1ML 184.51 0.9457 2.60 3.3167 7.022 § 70 X
T1.5ML 106.79 0.6159 2.51 2.31455 6.340 = G
T2ML 82.23 0.4166 2.25 2.2534 5.212 oo 60 - L o3 =
o e Q
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Fig. 9(a) illustrates that an increase in titanium loading results in a 504
reduction in the PL intensity. This is due to the fact that an increase in 04
the titanium loading leads to changes and degradation of the structure of 407
the synthesized photocatalysts, creating additional pathways for the
30 T T T T T T T '0-5

migration of h™ and e~ to the valence and conduction bonds. Conse-

quently, the lifetime and stability of the excited e~ and h* are enhanced

[40]. Based on its low PL spectra intensity, T2ML is anticipated to

exhibit superior photocatalytic performance. ) ) ) Fig. 11. TGA/DTG curve of MIL-101(Fe) and (T2ML).
In order to explore the behavior of charge carriers excited by light

radiation [41], a TRPL analysis was conducted, the results of which are

presented in Fig. 9(b). The findings indicate that an increase in the
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Fig. 9. PL spectra (a) and TRPL spectra (b) of synthesized photocatalysts (The data has been subjected to a five-degree smoothing process).
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quantity of titanium loading results in a reduction in the recombination
rate of charge carriers stimulated by light [42]. The obtained spectra
indicate that T2ML can act as an efficient electron acceptor during the
PODS reaction, which leads to an increase in photocatalytic activity and
ultimately to an increase in the production of *OH and *Oz radicals due
to the reduction. The recombination rate of charge carriers is directly
related to the increase in the production of *OH and *O radicals.

The utilization of sunlight and visible light plays a crucial role in the
formulation and construction of photocatalysts [43]. One crucial stage
of photocatalytic reactions involves light photon absorption. Accord-
ingly, the optical properties of the synthesized materials were appraised
via the DRS technique, which is illustrated in Fig. 10(a). In all the
samples, there is a notable decline in the absorption of wavelengths
below 400 nm, which raleted to the band gap energy of synthesized
materials. The optical absorption of the synthesized samples was found
to correlate with their bandgap. The Kubelka-Munk equation and the
associated Tauc plots were employed to determine the bandgap of the
synthesized materials [44]. This correlation is shown in Fig. 9(b). As
shown in Fig. 10(b), it is apparent that the gap band diminishes with
higher levels of titanium loading. This phenomenon can be attributed to
both the alteration of the samples’ crystal phase and the structural
damage incurred [45]. The synthesized materials’ bandgap is shown in
Table 1.

The thermal stability of MIL-101(Fe) and T2ML was evaluated
through TGA/DTG within the temperature range of 0-800 °C, as dis-
played in Fig. 11. TGA curves indicate that MIL-101(Fe) and T2ML are
highly stable up to 300 °C, rendering them appropriate for PODS reac-
tion to eliminate organosulfur compounds. The loss of weight, up to
300 °C, can be attributed to the evaporation of surface moisture, trapped
water, and DMF molecules within the photocatalyst structure [46]. At
temperatures ranging from 350 to 500 degrees Celsius, the photocatalyst
undergoes hydroxylation [47]. Complete destruction of the photo-
catalyst occurs at 550 °C. T2ML exhibited greater thermal stability
compared to MIL-101 (Fe), experiencing a weight loss of 28 % up to a
temperature of 500 °C.

The ESR spectra of the T2ML are shown in Fig. 12. The DMPO--OH
and DMPO--O; have been identified, indicating the formation of these
radicals in the presence of visible light. Fig. 12(a) and 12(b) display the
intensity of the generated -OH and -O3 radicals in the absence of light
and under visible light exposure, respectively. Hydroxy and superoxide
radicals are minimally generated under low light conditions and the ESR
spectra exhibit low levels of intensity. The intensity of the radicals
produced exhibited an upward trend with time, indicative of the
outstanding photocatalytic performance of T2ML.

The transient photocurrent of the fresh samples was obtained under
visible light irradiation, as illustrated in Fig. 13(a). According to Fig. 13
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Fig. 14. Effect of synthesized samples on reaction efficiency and selection of
optimal photocatalyst. (T = 40 °C, O/S = 8, T2ML dose = 2 g/L, and S/F = 1).

(a), all samples loaded with titanium exhibit a higher level of photo-
current than pure MIL-101(Fe). This suggests the formation of a heter-
ojunction following the loading of titanium, which enhances the
interfacial charge transfer of MIL-101(Fe) [48]. In the synthesized
samples, T2ML exhibited the highest photocurrent density, indicating
that, according to the photophysical properties of this sample, it
exhibited the best performance in the separation of photogenerated
electrons and holes [49]. The results indicate that the photocurrent
density remains constant over time, suggesting that the synthesized
samples can continuously supply electrons and holes for the photo-
catalytic reaction [50]. In order to investigate the separation and
transfer of the photogenerated electron pair and holes, the Nyquist di-
agrams obtained from EIS analysis were utilized [51]. These diagrams
are presented in Fig. 13(b). The results of the EIS radius indicate that
T2ML exhibits a higher speed of electron and hole pair transfer than
other samples [52]. The reduction of the EIS radius indicates that the
loading of titanium facilitates the separation of electrons and holes and
improves the photocatalytic activity. This improvement can be attrib-
uted to heterogeneous binding between titanium species and MIL-101
(Fe), as well as more efficient charge interfacial properties [53]. The
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results indicate that T2ML exhibits the most favorable optical properties
and has a notable capacity to generate stable *OH and *O3 radicals.

3.2. PODS optimization

The synthesized materials were evaluated to identify the optimal
sample for the photocatalytic oxidation reaction, as illustrated in Fig. 14.
Following 45 min of adsorption in a dark environment, no discernible
change was observed in the remaining DBT concentration. Conse-
quently, the photocatalytic oxidation process commenced. The T2ML
sample demonstrated superior performance, with nearly complete
removal of DBT within 120 min.

The initial concentration of organosulfur compounds during the
desulfurization process represents a critical element in the control and
enhancement of reaction efficiency. As shown in Fig. 15(a), as the initial
concentration of DBT increased, its conversion rate is decreased, as re-
ported in prior literature [54-56]. To achieve maximum removal of
sulfur compounds and increase reaction yield using T2ML, the research
aimed for a concentration of 250 ppm.

One important factor in achieving the maximum sulfur compound
conversion rate and reaction efficiency is the catalyst dosage. The
presence of a sufficient number of active sites on the catalyst in the re-
action solution leads to increased absorption of sulfur compounds and
generation of photogenerated charge carriers for conducting the pho-
tocatalytic oxidation reaction. An excessive increase in catalyst mass
results in the formation of catalyst aggregates, which could impede light
passage, and diminish production of photogenerated charge carriers,
subsequently reducing reaction efficiency [3]. The influence of catalyst
quantity on reaction efficiency was evaluated, as represented in Fig. 15
(b). As it is observable, a concentration of 1.5 g/L yields an ample
quantity of active sites. If the catalyst was not used, the removal rate was
13 %, which is associated with the adsorption mechanism.

The removal of different organosulfur compounds during the PODS
reaction is significantly influenced by the reaction temperature, result-
ing in a modification of the reaction efficiency. The optimization of the
reaction temperature for the removal of DBT is depicted in Fig. 16(a).
Fig. 16(a) illustrates that as the temperature rises to 50 °C, there is a
notable enhancement in the DBT removal due to the accelerated for-
mation of active metal peroxides at elevated temperatures [57]. Beyond
this temperature, the conversion rate of DBT and the reaction efficiency
decrease. This is caused by the decomposition of HyO5 [58] and the
creation of water in the reaction mixture.

The biphasic state of the PODS reaction solution and the carry of the
converted organosulfur compounds (products) to the other phase have a
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Fig. 15. Impact of (a) DBT concentration, (b) photocatalyst loading on the organosulfur removal. (T = 40 °C, O/S = 8, T2ML dose = 2 g/L, and S/F = 1).
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Table 2
A comparative analysis of the efficacy of various samples in the PODS reaction.
Catalyst DBT Initial Concentration (ppm) Oxidant O/S ratio Reaction time(min) DBT removal (%) Ref.
5 wt% MoO3-TMU-5 521 Air 150 ml.min ! 60 95.6 [23]
BiVO,@HKUST-1 100 H,0, 14:1 60 95 [70]
ZIF-67 @CoWO4 100 H,0, 8:1 120 96.7 [71]
TiO5/g-C3N4 500 H50, 6:1 120 98.9 [72]
CeO,/MIL-101(Fe) 500 H,0, 4:1 120 90 [73]
CdS@NH,-MIL-125 100 O, - 1440 76.8 [74]
CuO-Fe304 250 H>0, 7.5:1 120 95 [75]
T1IML 250 H,0, 6:1 120 92 This work
T1.5ML 250 H,0, 6:1 120 97.3 This work
T2ML 250 H,0, 6:1 120 100 This work
(2) (b) — T2ML after seven cycles
100 Fresh T2ML
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Fig. 19. (a) Recyclability (b) pattern of XRD and (c) EDX mapping and FESEM of T2ML after recyclability tests (T = 50 °C, T2ML dose = 1.5 g/L, O/S = 6, and S/F

=1.

significant impact on the efficiency of the process, as shown in Fig. 16
(b). The selection of an appropriate solvent is therefore crucial. In
general, selecting the appropriate solvent is determined by polarity [59]
and its economic feasibility [60]. The results presented in Fig. 16(b)
indicate that all three solvents, namely acetonitrile, methanol, and DMF,
exhibited comparable performance levels. Nevertheless, methanol was
selected as the preferred solvent due to its high availability and
reasonable cost compared to the other options. The solvent volume has a
considerable impact on the conversion of DBT in the PODS system so-
lution. However, excessive solvent usage may directly impact the
extraction process and result in errors during the PODS reaction. Fig. 16
(c) indicates that the highest level of DBT conversion (100 %) is ach-
ieved at a solvent to fuel volume ratio (S/F) of 1:1. Upon increasing the
ratio to 1.5, no change was observed in the DBT removal rate. Conse-
quently, S/F = 1 represents the optimal value.

The O/S ratio and bubble flow rate parameters significantly enhance
the organosulfur conversion when utilizing liquid (H202) and gas (ox-
ygen) oxidants in the PODS reaction [61,62]. The optimized O/S ratio
results are presented in Fig. 16(d). It is obvious that increasing the ratio
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from O to 6 significantly increases the conversion of DBT due to the
enhanced oxidation rate of DBT [63]. However, a further increase in this
ratio results in a decrease in the conversion rate of DBT attributed to the
decomposition of HoO5 [64] and the production of water in the reaction
solution.

3.3. The efficacy of T2ML in the removal of a variety of organosulfur
compounds

It is well established that real fuel contains a variety of sulfur com-
pounds, as previously discussed. To assess T2ML’s ability to remove
these compounds, its performance was evaluated and the results are
presented in Fig. 17. The order of sulfur compound removal was DBT >
4,6-DMDBT > BT > Th, which is well aligned with the results of previous
literature [65]. The Th, DBT, BT, and 4,6- DMDBT had removal rates of
61 %, 100 %, 74.1 %, and 86.36 %, respectively. The oxidation rate of
the various organosulfur compounds depends on the steric hindrance
and electron density present on the sulfur atom [24]. The greater the
electron density of the sulfur atom, the higher the oxidation level,
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Fig. 20. Proposed mechanism (a) for the removal of DBT by T2ML, the extent of DBT removal by each mechanism/reaction (E/A/O/P) (b) (T = 50 °C, T2ML dose =
1.5 g/L, O/S = 6, and S/F = 1), and GC-MS analysis (c) of extractive phase at the end of process.

resulting in an increased rate of removal. The electron densities of the
sulfur atoms in Th, DBT, 4,6-DMDBT, and BT structures are 5.6, 5.758,
5.7, and 5.739, respectively [66]. The electron densities of the sulfur
atoms in DBT, 4,6-DMDBT, and BT closely resemble each other. How-
ever, their removal rates differ significantly under the same conditions.
This discrepancy is connected to the steric hindrance imposed by the
methyl group, which results in a diminished reactivity of 4,6-DMDBT
and BT in comparison to DBT.

3.4. The effect of different oxidants and oxidant phases on sulfur removal

Oxidants are employed in various industrial applications in the forms
of solids, liquids, or gases [67]. In the PODS reaction, the nature of the
reaction and the necessity of conducting it continuously have led re-
searchers to focus their attention on the use of gaseous oxidants, such as
air and oxygen. In this study, a flow rate of 100 ml/min has been
employed for air and oxygen, a value that has been demonstrated to be
optimal in a number of previous studies [68]. An excessive increase in
the flow rate of the oxidant leads to a reduction in the efficacy of the
photocatalyst. This phenomenon was attributed to the adhesion of sulfur
compound molecules to the surface of the photocatalyst, resulting in a

12

decrease in the light transmission rate [69]. The amount of DBT removal
under optimal conditions by air and oxygen was 63.5 % and 78 %,
respectively, as illustrated in Fig. 18. The most significant challenge
associated with the utilization of gas oxidants in the PODS reaction is the
reduction in reaction efficiency relative to conditions where hydrogen
peroxide is employed. This discrepancy can be attributed to two primary
factors: mass transfer resistance and the inability to generate *OH and
*0O; radicals to the same extent as hydrogen peroxide.

In Table 2, a comparison is presented between the performance and
reaction conditions of different photocatalysts based on MOFs.

3.5. Catalyst recyclability

One crucial parameter for the industrial implementation of catalysts
is their recyclability and stability [76]. To assess the catalyst’s recycla-
bility, the catalyst was separated by centrifugation (4000 rpm for 10
min) and washed with ethanol three times after each cycle. It was then
dried at 90 °C for 12 h to prepare for the subsequent run under the
previously determined optimal conditions. As shown in Fig. 19(a), the
catalyst showed noteworthy stability for up to seven cycles, with a mere
20 % decline in activity. Upon comparing the XRD patterns of fresh and
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Fig. 21. Sulfur compounds removal from real fuel by T2ML under optimal
condition (T = 50 °C, T2ML dose = 1.5 g/L, O/S = 6, and S/F = 1).

utilized T2ML after repeated cycles (see Fig. 19(b)), it is evident that the
crystal structure of T2ML has been annihilated, resulting in several al-
terations in the XRD pattern. The FESEM image and mapping of T2ML
after seven cycles are depicted in Fig. 19(c), confirming the structural
alteration and the existence of sulfur.

3.6. Possible PODS mechanism over T2ML photocatalyst

The mechanism proposed for eliminating DBT by T2ML is illustrated
in Fig. 20 (a). By enhancing the oxidation rate through the oxidant,
trapping electrons and h + in the conduction and valence bands, the
PODS reaction generates *O; and *OH. The PODS reaction product
(sulfone) is formed by the reaction of DBT (organosulfur compounds)
with *OH and *O3. The intermediates produced, namely Fe?t and Ti3+,
result in the generation of *OH and *O;. Finally, the reaction of DBT and
*OH/*O3 results in the production of the reaction product (DBTOy).
Previous observations [2,5] and the yellow color of the polar phase
indicate that the reaction product is only DBTO,. The following equa-
tions can describe the removal process:

(a)
6_
= 303K
5] ® 3B3K
A 323K
4] v 333K
343K

-In(C/C,)

T T T T T T T T T
45 60 75 90 105 120

Time (min)

In(k)
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T2ML 4 hv—se 4+ h" 3
Ti*" + e -Ti*" 4
Ti*" + Hy0,—Ti*" + eOH + OH™ (5)
H,0,+ ¢ OH- H,O +H" + ¢ O, (6)
2H,0 +4h" -0, +4H" )
Fe* +e —Fe?" (8)
Fe?' 4 0,—Fe*" + ¢ 0, ©)]
DBT+ e OH( e O, )—DBTO; 10)

The following equations [77] were employed to approximate the
values of CB and VB for T2ML.

Eys = X+0.5E, — E, a1

Ecg = Evp — Eq 12)
where X is the electronegativity of semiconductor, E. is the energy of
free electrons (4.5 eV), and Eg represents the distance between the
conduction band and the valence band, which is commonly referred to
as the bandgap. The bandgap value for T2ML was determined to be 4 eV
through the use of the UV-Vis DRS analysis. The calculation of X is based
on the following equation:

X= [X(A)“X(B)b}“b (13)

Table 3
Reaction rate constant, R-square, and kinetic rate equations, of PODS reaction at
different temperature for T2ML.

Temperature R- Kinetic equation Reaction rate constant
°C) square (min~ %)
30 0.986 0.00541x + 0.03045 0.00541
40 0.98 0.0099x —0.03783 0.0099
50 0.96 0.02589x —0.44624 0.0259
60 0.91 0.02912x —0.45976 0.02912
70 0.94 0.04779x —1.09913 0.04779
b -
3.0 _( ) Ea=47.08 kJ.mole™
-3.5
o
-4.0
-4.5
-5.0
'5'5 T T T T T T T T T
e e e e e e e e e e
=3 =3 =3 =3 =3 =3 =3 =3 > >
=3 > = = = = = = = =
5 ~ w w w w w w w w
= b1 H b s 2 S b g b
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Fig. 22. DBT Removal at different temperature (Kinetics study): (a) Determination of the K (min’l), (b) Ea (Kj.mole’l).
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where a and b and are the atomic number of compounds. The value of
the X parameter for T2ML was approximately 5.51 eV. Therefore, VB
and CB are equal to 2.135 eV and —0.115 eV for T2ML.

The PODS reaction is the result of the occurrence of four distinct
chemical, physical, physicochemical, and light-dependent reactions
simultaneously: extraction (E), adsorption (A), oxidation (O), and pho-
tocatalytic (P). In order to ascertain the efficacy of the photocatalytic
reaction and the formation of ¢OH and O3 radicals, the impact of each
of the aforementioned sections was evaluated independently, with the
performance of blank tests (Fig. 20 (b)). The results indicated that
extraction, adsorption, oxidation, and radiation each accounted for
13.15 %, 17.7 %, 31.5 %, and 37.3 % of PODS action, respectively.

In order to verify the formation of the desired products and to
confirm that the proposed mechanism for DBTO, formation was indeed
operational, a GC-MS analysis was conducted, as illustrated in Fig. 20
(c). As illustrated in Fig. 20(c), no discernible peak corresponding to
DBT was observed in the extracted phase. Conversely, a distinct peak at
m/z = 216 [78] was identified, which corroborates the veracity of the
PODS reaction and the proposed mechanism.

3.7. Sulfur compounds removal from real fuel

In order to assess the efficacy of T2ML in the simultaneous removal of
diverse S-compounds, the sulfur compound removal rate from the real
fuel and the constructed model fuel (containing 250 ppm Th, 250 ppm
4,6-DMDBT, 250 ppm BT, and 250 ppm DBT) was evaluated. The results
are presented in Fig. 21. The T2ML photocatalyst was found to be
effective in the removal of sulfur compounds from heavy fuel oil, gas oil,
and model fuel, with a removal efficiency of 45.5 %, 64.6 %, and 78.4 %,
respectively. These results are in good agreement with those reported in
previous studies [79], indicating that T2ML can be a suitable option for
the removal of sulfur compounds in fuels with a high sulfur content and
resistant compounds.

3.8. Kinetic study

Studying the kinetics of the PODS reaction is critical to under-
standing the DBT removal process. The effect of temperature on the
PODS reaction was assessed at various degrees, and the interactive
correlation was derived by fitting. According to Fig. 22(a), the elimi-
nation of DBT in PODS reaction shows a pseudo-first order kinetic. The
reaction rate constant (k) is determined by using Eq. 13, in which Cy and
C; are the initial concentration and concentration at time t, respectively
and k is the rate constant of the reaction. For the PODS reaction, the
activation energy (Ea) was determined using the Arrhenius theory (Eq.
14) [80] (Fig. 22(b)). The kinetic equations, k and R-square at each
temperature for T2ML are listed in Table 3.

“In (C_) —kt 14)
Co
E,
Ink = InA — RT (15)

4. Conclusion

Titanium species was introduced to the structure of MIL-101(Fe) in
this research, and TxML photocatalysts were synthesized using the one
pot solvothermal method. The synthesized photocatalysts were sub-
jected to a series of characterization techniques, as detailed in the
characterization section, to evaluate the physicochemical properties of
the synthesized materials. Under visible light irradiation and optimal
conditions (temperature = 50 °C, oxidant to sulfur molar ratio = 6,
photocatalyst loading = 1.5 g/L, and solvent to fuel volume ratio = 1),
T2ML exhibited superior performance and successfully eliminated 100
% of DBT. Kinetic studies have demonstrated that the DBT removal
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follows a pseudo-first-order kinetic model. The results indicate that
T2ML can be a highly effective sample for sulfur removal via the PODS
reaction.
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