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This study examines the synthesis of two V/W-HMS (hexagonal mesoporous silica) compounds with various vanadium and tungsten
loadings and their catalytic activities for oxidative desulfurization of dibenzothiophene (DBT) in the model diesel fuel. X-ray powder
diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy and N, physical adsorption-
desorption (BET/BJH) techniques were used to characterize these catalysts. According to our results, the best V/W-HMS catalyst exhibited
high catalytic activity; it was capable of converting more than 95% of DBT in the model diesel fuel under the optimum reaction condition
(0.05 g 1:4 of catalyst, T = 60 °C, t =2 h). Doping of vanadium and tungsten led to a decrease in bandgap of the catalyst and an effective

improvement in its catalytic performance. The catalytic activity remained unchanged even after 6 recycling processes. The reaction

kinetics, mechanisms and bandgap energies of the catalysts were also investigated.
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INTRODUCTION

Commercial fuels include many sulfur-containing
compounds which are converting into SOy species during
the combustion process in vehicle engines. These species
cause acid rain, corrosion of equipment, catalyst poisoning,
and other effects that lead to environmental pollution [1,2].
Recently, strict environmental regulations have been
imposed by the governments for reducing the sulfur content
of the diesel fuels used in vehicles, from 2000 to less than
10ppm; even greater reduction in sulfur content has been
reported
in petroleum industry is the hydrodesulfurization process
(HDS) [6]. The HDS has some advantages, such as high

efficiency and short reaction time. However, reducing the

[3-5]. A traditional technique for desulfurization

sulfur content of the commercial fuels to less than 10 ppm
using HDS technique requires severe reaction conditions
such as high-pressure hydrogen and high operating
temperatures [4,7]. Hence, finding a new alternative

*Corresponding authors. E-mail: mousazadeh@aut.ac.ir

method
desulfurization process (ODS) has been under the spotlight,

is of great interest. Recently, the oxidative
and it has been investigated extensively due to its moderate

reaction condition, high efficiency, lower investment
requirements and its low process cost [8,9].

Since the structural properties of supports can affect the
dispersion, stability and contacts of the active sites of
catalyst with reactants, it can significantly influence the
final rate of the process [10], and thus the selection of base
structure is of great importance. Among the various solid
supports, mesoporous silica with different structures such as
MCM-41, SBA-15 and HMS attracted much attention due
to their structural properties, uniform pore size distribution,
high surface areas, and large pore volumes. Comparing with
MCM-41 and SBA-15, HMS has higher chemical and
thermal stability, shorter channels and better textural
mesoporosity. This can provide better mass transfer
channels for reactants to access the active sites of the
catalyst [11,12]. Furthermore, to increase the surface
acidity, the silicate framework of HMS materials can be

modified with transition metals such as V, Ti, Fe, Cr, Co,
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Cu, efc. [13-18]. This modification results in more diverse
applications and improves the catalysts’ activity. In this
regard, several studies have been done on modified
mesoporous materials and their applications have been
investigated in the ODS process, e.g. CoMoW/AlL,03-TiO,
(HDS) [19], phosphotungstic acid/TiO, [20], Aw/Ti-HMS
[21], Zn-HMS [22], V-HMS [23], Fe/V-HMS [24], MoWFe
catalyst [5] and HPW/Zr-HMS [26]. Bimetallic catalyst
showed more promising performance than monometallic
ones due to synergistic effects of the two metals.
Embedding metals in HMS increases its dispersionand
specific surface area, and also provides more active centers
with small bandgap energy for easier reduction/oxidation
reaction [24,26].

In the present work, synthesis and application of new
V/W-HMS catalysts in the ODS process are reported. The
catalysts were characterized using various techniques and
applied in the ODS process of model diesel fuel using H,O,
as an oxidant. The influence of V and W loadings, reaction
temperature, catalyst dosage and time of the reaction run on
the conversion of the ODS process were investigated.
Furthermore, the reaction kinetics, mechanisms and band
gap structures of the catalysts were also investigated.

EXPERIMENTAL

Materials

All chemicals were used in their original forms and
without any further purification. Tetraethyl Orthosilicate
(TEOS > 99%), Sodium Orthovanadate (Na;VO,4, 99%),
Sodium Tungstate dihydrate (Na,WO,.2H,0, 99%), Ethanol
(EtOH, > 99.5%), dibenzothiophene (DBT, > 98%),
acetonitrile, and hydrogen peroxide (H,O,, 30 wt%) were all
purchased from Merck. Dodecylamine (DA, 95%) was

purchased from Fluka.

Catalyst Preparation

In a typical synthesis, 17.6 ml ethanol was added to
135 ml of distilled water (solution A). Then, 11.5 ml
tetracthyl ortho silicate was added to a mixture of
0.00295 g Na;VO, and 0.0189 g Na;VO, (solution B).
Solution B was added to solution A under vigorous stirring.
Then, 1.85 g dodecylamine was added dropwise into the
solution. After stirring for 24 h at 298 K, the formed solid
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was recovered, washed with distilled water, dried at 373 K
for 6 h, and finally, calcined at 823 K for 12 h under
airflow. The resultant sample was denoted as V/W-HMS
(1:4), where 1:4 is the molar ratio of V/W and the molar
ratio of SIM =650 M =V + W).

The ODS Reaction

A solution of dibenzothiophene in acetonitrile was used
as a model diesel fuel, containing 500 ppm of the DBT. In a
typical run, the oxidative desulfurization reaction was
performed in a double-necked 100 ml round-bottomed flask
containing 10 ml of model fuel, 0.05 g of catalyst (V/W-
HMS), 1 ml of H,0, as oxidant (excess, H,O,/S > 4 was
considered to activate the catalyst), coupled with a water
bath with the desired temperature, and under vigorous
stirring. The sulfur concentration of the model fuel was
measured using gas chromatograph instrument (GC-FID
Agilent 7890 b with a hp-5 column (30 m x 0.25 pm)). The
removal percentage of the DBT was calculated using the
following formula:

M)XIOO
B

0

DBT (%) =( 6y

Where the By is the initial concentration of sulfur (DBT) in
the solution, and B, is the sulfur concentration of the diesel
fuel after reaction time (7).

Characterization

The crystallographic structure of the catalysts examined
using powder X-ray diffraction (XRD) (Radiation: 1.5406
Cu, Generator: 40 KV, 40 mA, I = 1529). Surface and
textural properties of the catalysts were examined using N,
adsorption-desorption isotherm with a Quantachrome Nova
2 instrument at 77 K. specific surface areas, and pore size
distributions of the catalysts were calculated using the
BET/BJH method. Scanning electron microscopy (SEM)
was used for studying the surface morphology and
dimensions. Fourier transform spectroscopy was used for
studying the chemical bonding of the samples, using the
KBr pallet technique (1:300 mg, 400-4000 cm™). To study
bandgap sites of the catalysts,
photoluminescence spectra of the catalysts were obtained

structure of active

with a Pekin Elmer LS55 Fluorescence spectrometer
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Fig. 1. Low and wide-angle XRD pattern of the V/W-HMS.
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Fig. 2. XRD pattern of the pure HMS (low angel).

instrument. DRS spectra of the catalysts were also obtained
with a Shimadzu diffuse reflectance spectrometer
instrument, and the results were used for calculating the
bandgap energy of the catalyst.

RESULTS AND DISCUSSION

Characterization of the Catalysts
The XRD patterns of V/W-HMS and pure HMS are
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presented in Figs. 1 and 2. Both samples exhibited typical
diffraction peaks at 20 = 2.5 that are associated with the
HMS structures and indicate on successful synthesis of
the hexagonal mesoporous structure. The peak of the
V/W-HMS shifted to lower angles and became broader.
These changes reveal that the unit cell parameters and
d-spacing of V/W-HMS are more significant than those of
pure HMS. Since the tungsten and vanadium were
introduced into the silica lattice, and the Pauling radius of
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W (0.70 A) or V¥ (0.58 A) were higher than that of
Si*" (0.42 A), these probably caused the lattice expansion
and induced defects in the HMS structure [27,28].

With the incorporation of tungsten and vanadium,
intensity of the diffraction peak was decreased, which
probably caused by a disorder in mesoporous structure.
Another possible reason for this phenomenon is the
difference in the scattering constants between the pores and
walls, and the formation of W and V nanostructures inside
the channels of HMS [29]. The inflation of the wide-angle
side of the XRD pattern is usually attributed to the defects
in the HMS structure. The sample exhibited a broad peak at
20 = 23°, which is typically ascribed to the characteristic
peaks of the HMS framework with an amorphous feature.
The several picks in the wide-angle side of the XRD pattern
indicate the presence of aggregated clusters of vanadium
and tungsten oxide species. The constant noise in the entire
XRD pattern also confirms the presence of metal clusters
with various sizes. As it is clear from the Figs. 1 and 2, the
mesoporous structures have been successfully synthesized
in both of the samples. The defects in structure of
mesoporous silica in the sample containing metal oxides
loaded on the base structure (Fig. 1), are probably due to the
aggregation of vanadium and tungsten oxides species. This
aggregation can deteriorate the mesoporous structure and
cause defects in the HMS structure.

FT-IR spectra of the W/V-HMS sample, as-synthesized
and recovered from one ODS process, are shown in Fig. 3.
The absorption bands at 462, 805 and 1080 cm’ are
characteristics of the Si—O-Si vibrations [30]. The band at
960 cm™ is attributed to the stretching vibration mode of a
[SiO4] unit bonded to the vanadium or tungsten species [31].
The results the successful
vanadium and tungsten species into the silica framework.

indicate incorporation of
To further explore the effects of incorporating tungsten and
vanadium in the HMS structure, N, adsorption-desorption
isotherms of the recorded. The
adsorption-desorption isotherms and pore size distribution
curves are shown in Figs. 4 and 5. All samples exhibited a
type IV isotherm, which is the characteristic of the HMS
structure. The quick pick of the BJH analysis confirms a
uniform pore size distribution in all of the samples (Fig. 5).
The small changes in the pore sizes are probably due to the

samples  were

differences in the size of the aggregated clusters of tungsten
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Fig. 3. FT-IR spectra of V/W-HMS (as-synthesized) and
V/W-HMS (recovered).
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Fig. 4. The nitrogen adsorption-desorption isotherms of
various V/W-HMS.

and vanadium. By increasing the amount of tungsten and
decreasing the vanadium content, first in the (1:2) sample,
the pore volume, pore size, and surface areas increased,
which indicates a decrease in the size of the aggregated
clusters. In the (1:3) sample, the pore size, volume and
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Fig. 5. BJH pore size distribution of various V/W-HMS.

surface area remained unchanged, which means that the size
of the clusters did not change significantly.

Then, in the (1:4) sample, the pore size, volume, and
surface area decreased again, which means that the cluster
sizes increased again. These kinds of changes are probably
due to some errors during the synthesis process. Detailed
structural and surface properties of the catalysts are
summarized in Table 1. The BET results show that the
surface area, average pore size and volume of the HMS
increased by adding V and W into the mesoporous structure
of the HMS. The results suggest that the V and W are
incorporated into the inner walls of the mesopores rather
than inside the pores [32,33].

In addition, the size and morphology of the surface
of catalyst were also investigated using SEM analysis.

Figures 6 and 7 show the surface of the pure HMS and
the V/W-HMS catalyst. Comparison of the two images
indicates that the vanadium and tungsten species have been
successfully dispersed on the HMS structure.

Optimizing the ODS Reaction Condition

Effect of V/W content. The catalytic activity of
obtained catalysts was studied with an oxidesulfurization
process of the model diesel fuel. Scheme 1 shows a
summary of the reaction. To find the optimum reaction
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conditions, first, the effect of various metal loadings (molar
ratio of V:W, from 1:1 to 1:4) on the conversion of DBT
was investigated. Other researches proved that the heavy
loading of metal oxides on the base structures can lead to
the aggregation of metal clusters, causing defects in the
silica framework and reducing it catalytic activity. Besides,
the practical application of a catalyst depends on the final
price of its synthesis. Thus, reducing the amount of precious
metal and substituting it with an abundant metal is of great
interest. In Fig. 8, one can see the final conversion of the
ODS reaction using catalysts with various W/V contents. As
it is clear from Fig. 8, despite the reduction in the vanadium
content, the catalysts with the molar ratio of V/W = 1:4 is
still very effective in the ODS process.

Thus, it is reasonable to consider the V/W-HMS (1:4) as
the optimum catalyst for the ODS reaction. It is worth
mentioning that the overall loading of the metal oxides on
the base structure in these catalysts is very low. These
catalysts are 0.1 %wt with respect to their metal content
(V + W). We calculated the catalysts’ prices and compared
them to each other. The 1:4 ratio catalyst was found to be
significantly cheaper than the catalyst containing only
vanadium.

Effect of the catalyst amount. The effect of the catalyst
amount on the conversion of the ODS process was also
studied for the catalyst dosages of 0.1, 0.05, 0.01 g (Fig. 9).
It is clear that the conversion of the ODS process increases
with an increase in the amount of catalyst in the reaction
pot. Using 0.1 g of the catalyst can lead to more than 99%
conversion. Result for sample containing 0.05 g of catalyst
indicates that the
synthesis process was flawed and the dispersion of metal

showed a lower conversion which

oxides was not good enough. However, since even 0.01 g of
catalyst showed significant conversion, thus 0.05 g of
catalyst was considered as the optimum catalyst dosage for
the reaction.

Effect of oxidation temperature. Considering the
V/W-HMS (1:4) as the best catalyst for the ODS process,
the optimum reaction temperature for the ODS process was
investigated, Fig. 10. As it
temperature is 60 °C. It is worth mentioning that the

is clear, the optimum
conversion in 25 °C is very close to the conversion in 60 °C,
which means that this catalyst is still effective even in low
temperatures. This can be beneficial in terms of energy
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Fig. 7. SEM of the V/W-HMS.

Table 1. Textural and Structural Properties of the Synthesized Catalysts

Sample SBET Pore volume Pore diameter
(m’ ) (ccg) (nm)
HMS 910 0.69 23
V/W-HMS(1/1) 1313 0.79 22
V/W-HMS(1/2) 1457 1.07 24
V/W-HMS(1/3) 1553 1.01 24
V/W-HMS(1/4) 1289 0.73 2.2

642



Modified Mesoporous HMS Supported V/W/Phys. Chem. Res., Vol. 9, No. 4, 637-649, December 2021.

e

; HO

Scheme 1. Summary of the ODS process

[ Conversion

1004 100 100 100

80

60

40 -

Conversion (%)

20+

1:1 1:2 1:3 1:4
V/W molar ratio

Fig. 8. Conversion of the ODS process using catalysts with
different V/W ratio. Reaction conditions: T = 60 °C,
t=2h, H,0, = 1.0 ml, 10.0 ml model fuel (DBT =
500 ppm), catalyst=1.0 g.

consumption. However, since better conversion was
obtained at the 60 °C, this temperature was considered as
the optimum reaction temperature.

The time of the reaction run. To find the optimum
amount of time, the ODS process was performed with the
V/W-HMS (1:4) catalyst, and real-time samples from the

reaction solution were obtained and analyzed to determine
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Fig. 9. Influence of different amounts of catalyst on the
DBT removal. Reaction conditions: t =2 h, H,O,=
1.0 ml, T=60 °C, 10.0 ml model fuel (DBT = 500
ppm), V/W-HMS (1:4).
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Fig. 10. Conversion of the ODS process in different
temperatures. Reaction conditions: t=2 h, H,O,=
1.0 ml, 10.0 ml model fuel (DBT =500 ppm),
catalyst=0.05 g V/W-HMS (1:4).

its DBT concentration, Fig. 11. As it is clear, the optimum
time of the reaction is 2 h or more, and a similar conversion
cannot be obtained in lower reaction times.
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Fig. 11. Conversion of the ODS process in different times.

Reaction conditions: t=2h, HO,=1ml, T=
60 °C 10 ml model fuel (DBT =500 ppm),
catalyst = 0.05 g V/W-HMS (1:4).

The Reaction Mechanism

Reaction mechanism is a key to elucidate the course of a
reaction. The DBT oxidation takes place via a reaction
between the DBT molecule and the active oxidative species
generated by the reaction between the H,O, and vanadium
and  tungsten The mechanisms of the
metal-catalyzed oxidation reactions are classified into two
types: Homolytic (radical) and Heterolytic (ionic) [4]. In the
Heterolytic pathway, taking place over species such as
WO;, H,0, reacts with the tungsten oxide species
and generates inorganic peracids, the W-O-OH species
(Scheme 2).

In the homolytic mechanism, the reaction of the H,0,

oxides.

with the metal oxide species generates the ‘OH free radical
species (Eq. (1)). In the heterolytic mechanism, the
oxidation state of the metal center does not change during
the course of the reaction, while

mechanism, it does. The homolytic mechanism requires

in the homolytic

cycling of the metal species between the two oxidation
states. Thus, the homolytic mechanism is preferred due to
easier reduction/oxidation of metal species.

(1)

M"™ + H,0, >M""" + (COOH + H")
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@)

M + H,0, > M" +('OH + "OH)

(‘OOH + "OH) - H,0+ O, (3)
Equation 1: Generation of the OH firee radicals via the
homolytic mechanism

According to the homolytic mechanism (Eq. (1)), the two
essential steps are: (1) oxidation of intermediates by
catalyst; and (2) reoxidation of the reduced catalyst. Step 1
requires an excellent oxidizing ability of the catalyst, and
the rate of step 2 is determined by the reoxidability of the
reduced molecule. The lowest unoccupied molecular orbital
(LUMO)/highest occupied molecular orbital (HOMO)
implies the ability of a molecule to accept/donate electrons.
The lower the LUMO energy, the easier it is to accept
electrons from H,O,. Therefore, the H,O, adsorbing ability
can be evaluated by LUMO. Step 1 has left the catalyst
being reduced. Reoxidation of the reduced catalyst requires
the reduced catalyst to donate its electrons easily to the
oxidant. The higher the HOMO energy, the easier it is to
donate electrons. Thus, the reoxidability can be evaluated
by the HOMO energy of the reduced molecule (step 2).
Easy reduction/oxidation is only possible if the energy
states of the HOMO and LUMO orbitals are close together.
Therefore, the reduction in bandgap energy can lead the
entire process towards a homolytic mechanism. To study the
presence of the hydroxyl radicals, a Terephthalic acid
fluorescence approach was utilized [34,35]. In this method,
the fluorescence intensity increases over time due to the
reaction of 'OH radicals with the Terephthalic acid, Fig. 12.
The linear increase in the intensity of the PL emission
shows that a plethora of hydroxyl radicals are involved in
the course of the reaction.

Electronic Structure

The properties of the V/W species depend upon their
electronic structures. The structure of the molecular
orbitals and the energy gap between the HOMO and LUMO
orbitals significantly affect the activity and reaction
mechanism. To study the bandgap energies of the catalyst,

diffuse reflectance UV-Vis spectroscopy (DRS) and
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Fig. 14. DRS spectrum of the W/V-HMS (1:4) catalyst.
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that indicate the presence of significant optical bandgaps.
Doping of the semiconductors, such as metal oxides
(WO,?), is a promising way to reduce the bandgap energies.
The summary of the obtained bandgap structures can be
found in Table 2. Since the bandgap energy for W/V-HMS
is small, it means that the W-V species can easily undergo
the reduction/oxidation process. The dominant reaction
mechanism for the latter process is homolytic mechanism.

Kinetics of the ODS Reaction
The kinetics of the reaction was also investigated.
Considering Fig. 16, one can conclude that the reaction

kinetics is a pseudo-first-order reaction with the following
rate equation:

Fig. 15. Absorption (DRS)/emission (PL) spectra of the In(C/Co) = -kt
V/HMS (Na;VOy- 650, the Si/V ratio is 650).
t{min)
o T T T T T T 1
a 20 40 &0 80 100 120 140
05 y=-0.0205x-04108
’ . R*=09376
* -
_ e
el \ y=-00196x- 07675
In(Ct/co(T=60)) g \-\ RZ=0.96390
Linear (In{Ct/CO{T=25)])) InCt/C0 R
Linear (In{Ct/CO(T=40])) -2 4
Linear (In(CL/CO(T=60))) \\\\
-2 5 B e\\\\ ’
g \-
-3 .5 -
Fig. 16. First-order kinetic data at different temperatures.
Tables 2. Calculated Band Gaps of the Catalysts
CatalySt )Vmax.abs )Vmax.ime )Vintersect Band gap
(nm) (nm) (nm) (ev)
V/HMS 210 482 370 1.9
W/V-HMS 228 495 433 1.6
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Fig. 17. The conversion of the ODS process, using the same
catalyst after 6 reaction runs.

In above equation, the C is the concentration in time t, and
C, is the initial concentration. The first-order kinetics of the
reaction indicates the dominance of the homolytic pathway;
no sign of a second mechanism was observed.

Reusability of the Catalyst

Finally, to investigate the chemical stability of the
catalyst and the possibility of its recycling, 6 ODS reactions
were performed. After each catalytic run, the catalyst was
recovered by filtration, washed with methanol several times,
and finally dried at 100 °C for 6 h. In every subsequent
reaction run, performed in the presence of the recycled
V/W-HMS catalyst, in the DBT
conversion was observed (Fig. 17). However, the catalytic
activity is fairly preserved even after six subsequent

a slight reduction

reaction runs. Slight leaching of active metal oxides is the
most probable explanation for this phenomenon. Figure 17
also presents the DBT removal during the ODS process
using W-HMS as catalysts in six subsequent runs. As it can
be seen, the leaching of the W-HMS catalyst is significantly
more than that of its W/V-HMS counterpart. This shows
that the strong interactions between the V and W species
suppress the leaching and deactivation of the catalyst. Thus,
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the V/W-HMS catalyst can be recycled and reused in
subsequent reaction runs.

CONCLUSIONS

Tungsten  and
catalysts were prepared with various vanadium and tungsten

vanadium-containing  mesoporous
loadings. The obtained catalysts were characterized, and
their catalytic activities were investigated in the ODS
process. W/V-HMS (1:4) proved to be an effective catalyst
for the oxidative desulfurization of DBT in model diesel
fuel. Under the optimum reaction conditions (T = 60 °C,
t = 2 h, 1.0 ml H,O,, 0.05 g catalyst), the catalyst was
capable of converting more than 95.4% of the DBT under
mild reaction conditions. The mechanism of the reaction
was studied, and the kinetics of the reaction was found to be
a pseudo-first-order kinetics. The doping of vanadium and
tungsten species reduced the bandgap of the catalyst and
improved its catalytic performance. The catalyst was easily
recycled and showed a stable performance after six cycles
of regeneration.
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